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ABSTRACT 
 
Full Name : [UMER MEHMOOD] 
Thesis Title : [DEVELOPMENT OF NEW DYE SENSITIZED MATERIALS FOR 
SOLAR CELL APPLICATIONS] 
Major Field : [CHEMICAL ENGINEERING] 
Date of Degree : May, 2015] 
Solar cells based on organic materials are among the promising candidates for the 
implementation of the next generation of solar cells. For their advantage, to be flexible 
compared to the counterpart based on silicon. Its synthesis might be achieved with low 
cost; however its efficiency remains a challenging issue to be deeply studied and 
improved. It becomes the focus of optimizing many parameters as: the adequate use of 
the polymer, the efficient way of collecting the generated electron-hole; which is the aim 
of this proposal. 
 Dye-sensitized solar cells (DSCs) constitute a novel class of hybrid organic solar cells. 
Organic donor-π-acceptor dyes are an interesting alternative to the standard metal-organic 
complexes used in DSCs. This provides the solar cell flexibility and may make them 
inexpensive. The aim is to design and synthesize novel Donor- π-Acceptor molecules in 
order to increase the efficiency of organic solar cells. Efficient photovoltaic conversion 
and stable performance could be demonstrated with few classes of donor systems, such as 
diphenylamine, diuorenylaminophenyl, coumarin etc.   It has been concluded that Cyano 
Acrylic acid is one of the best acceptor group. Therefore, to synthesize a novel series of 
Donor Acceptor Based Organic molecules to screen their efficiency in solar applications 
we couple few different donor and π-conjugated bridges to cyano acrylic acid in a 
different fashion. After the synthesis of the organic molecules, solar cells will be 
fabricated, tested and compared with the existing commercial solar cells. After the 
synthesis of the organic molecules by our collaborators in India, systematic studies and 
characterization of the molecules are going to be carried out by our team at KFUPM 
Laboratories. Results will be published and presented in international conferences.. 
Keywords: Dye-sensitized solar cells; solar cell performance, organic solar cells 
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 عمر محمود :الاسم الكامل
 
 تطوير مواد صباغة توعية جديدة لتطبيقات الخلايا الشمسية :عنوان الرسالة
 
 كيميائيةهندسة  التخصص:
 
 5102مايو  : :تاريخ الدرجة العلمية
 
 
كما يمكن تصنيعها بتكلفه اقل، ولكن تبقى كفاءتها . من مزاياها أنها مرنه مقارنة مع نظيراتها المبنية من السيلكون. 
أصبح تحسين الكفاءة يعتمد على عدة محاور منها: الاستخدام  وطرق تحسينها مسألة تحتاج لمزيد البحث و الدراسة. 
 الملائم للمواد العضوية (اللبوليمر) ، وإيجاد وسائل فعالة لجمع  الشحنات المولدة، الذي هو الهدف من هذا المشروع. 
 الموادتشكل فئة جديدة من الخلايا الشمسية العضوية المختلطة.  sCSSD(( الصبغيةالخلايا الشمسية 
العضوية المستخدمة في -المتقبلة الأصباغ تعتبر من البدائل  المهمة للمركبات المعدنية -π-العضوية المانحة
. وهذا يوفر مرونة الخلايا الشمسية، ويجعل إنتاجها غير مكلف. الهدف  sCSSD(( الصبغيةالخلايا الشمسية 
جديدة من أجل زيادة كفاءة الخلايا الشمسية متقبلة  -π-جزيئات مانحة وتركيبمن هذا المشروع هو تصميم 
 العضوية.
كفاءة التحويل الكهروضوئية العالية والأداء المستقرة يمكن الحصول عليها مع فئات قليلة من النظم المانحة  
الخ... وقد خلصت الدراسة   niramuoc(، ( lynehponimalynerouid(، ( )enimalynehpid(مثل 
هو واحد من أفضل المجموعة المتقبلة. لذلك ،  (, )dicA cilyrcA onayCإلى أن حمض الاكريليك 
المتقبلة لمعرفه كفاءتها في تطبيقات الطاقة الشمسية،  -سلسلة جديدة من الجزيئات العضوية المانحة لتركيب
 cilyrcA onayC(الجسور المترافق لحمض الاكريليك  - πسنعمل على مزاوجة أعداد مختلفة من المانحة و 
 بطرق مختلفة.  )dicA
بعد تركيب الجزيئات العضوية ، سيتم تصنيع الخلايا الشمسية واختبار كفاءتها ومقارنتها مع الخلايا الشمسية 
التجارية القائمة. بعد تركيب الجزيئات العضوية من قبل المتعاونين لدينا في الهند،  الدراسة المنهجية لهذه 
سوف تنفذ من قبل فريقنا في مختبرات جامعة الملك فهد. وسيتم نشر الجزيئات العضوية و معرفة خصائصها 
 النتائج وتقديمها في المؤتمرات الدولية. 
 كلمات البحث: صبغ الخلايا الشمسية؛ أداء خلايا الطاقة الشمسية, خلايا الطاقة الشمسية العضوي
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1 CHAPTER 1 
INTRODUCTION 
1.1.Energy 
Energy is the driving force for development, economic growth, automation, and 
modernization. Energy usage and demand are increasing globally and researchers have 
taken this seriously to fulﬁll future energy demands [1,2]. At present global energy 
sources are mainly dependent on fossil fuels and the use of fossil fuel is the main reason 
for global increases of CO2 amount [3]. According to global carbon emissions sources 
[4], carbon dioxide emissions from coal, oil, natural gas, cement, and gas ﬂaring were 
43%, 33%, 18%, 5.3%, and 0.6%, respectively in 2012. Emissions of greenhouse gases 
grew 2.2% per year between 2000 and 2010, compared with 1.3% per year from 1970 to 
2000 [5].The world is not capable of absorbing large amounts of CO2 at the rate it is 
produced by fossil fuels. As a result, increasing the volume of CO2 in the environment 
has increased global warming and further climate change. Global warming and climate 
changes are challenging all over the world. The use of renewable energy provides 
beneﬁts that reduce emissions of air pollutants as well as greenhouse gases.Therefore, 
alternative sources of energy are needed so that mankind can survive on the earth without 
depending on fossil fuels. Solar energy is one of the renewable energy sources that will 
contribute to the security of future energy supplies [6,7] . Today, only 13% of energy 
comes from renewable sources (biofuel and waste 10%, hydro 2.3% and others: solar, 
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wind, geothermal, heat, among others 0.9%), 81% fossil fuels (oil 32.4%, natural gas 
21.4%, and coal 27.3%), and 5.7% nuclear power. Fig. 1 shows the worldwide sources of 
total primary energy supply in 2010 [5]. 
1.2.Solar energy distribution in Saudi Arabia 
It is common knowledge that solar radiation is unevenly distributed, and that it varies in 
intensity from one geographic location to another depending upon the latitude, season, 
and time of day.Saudi Arabia lies between latitudes 31
o
 N and 17.5
o 
N and longitudes 50
o
 
E and 36.6
o 
E. The land elevation varies between 0 and 2600 m above the mean sea level. 
Complex terrain is found in the southwest region of the Kingdom. The East and the West 
coasts of the Kingdom are located on the Arabian Gulf and Red Sea, respectively. Mainly 
two seasons, winter and summer, are observed during the year. The vast open land 
experiences high intensities of solar radiation and long hours of sunshine duration [8]. 
The seasonal variation of global solar radiation over Saudi Arabia is shown in Fig-2. 
Solar radiation from the sun is approximately 3×10
24 
J per year, which is ten times the 
current energy demands [9]. Light from the sun can be harvested by dye-sensitized solar 
cells (DSSCs). DSSCs have attracted considerable attention due to an ideal compromise 
between eﬃciency and cost-performance [10–12]. The major component of the DSSCs is 
a dye. Its function is to absorb incoming sunlight and produce excitons. It is chemically 
bonded to the porous surface of the semiconductor.  
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Fig 1.1: Shows the sources of world total primary energy supply 2010 
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Fig 1.2:Seasonal variation of global solar radiation over Saudi Arabia [8] 
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1.3.Quantum Mechanical Modeling 
 We used density functional theory (DFT) and time dependent DFT quantum mechanical 
techniques to simulate the complex photosensitizers. For the past 30 years density 
functional theory has been the dominant method for the quantum mechanical simulation 
of periodic systems. In recent years, it has also been adopted by quantum chemists and is 
now very widely used for the simulation of energy surfaces in molecules [13]. The 
reasons for its popularity and success are 
1) The DFT approach is in principle exact [14]. 
2) It preserves at all levels of approximation the appealing one-electron molecular 
orbital (MO) view on chemical reactions and properties. The computed orbitals are 
suitable for the typical MO-theoretical analyses and easy to understand [15]. 
3) It is a relatively efﬁcient computational method, and its fundamental scaling 
properties do not deteriorate when methodological precision is increased, in 
particular, when a more accurate XC functional is applied [16]. 
1.3.1.The Khon-Sham molecular orbital (MO) model 
The fundamental assumption in Kohn–Sham density functional theory (KS-DFT) is that 
we can use a single electron calculation to “n” interacting electrons. It can be done by 
applying appropriate local potential VXC (r), external potentials Vext (r) and the Coulomb 
potential of the electron cloud VC(r), then using Eq. (1) 
(−
1
2
∇2 + Vext(r) + VC(r) + VXC(r)) φi(r) = εiϕi(r)                     (1) 
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The potential VXC is the functional derivative with respect to the density (ρ) of the 
exchange–and–correlation energy functional EXC [ρ]. The one-electron molecular orbitals 
(MOs) 𝜙𝑖 with corresponding orbital energies 𝜀𝑖 deﬁne the exact electronic charge 
density and give access to all properties. The (ﬁrst) derivatives of the energy with respect 
to nuclear displacements at the end of the self consistent field (SCF) method are used to 
find stationary points in the energy surface, particularly for the geometry optimization of 
molecules [13]. 
According to Runge-Gross theorem [17] , the external potential individually finds out the 
density for a given interaction potential. While according to Kohn-Sham assumption the 
density of the non-interacting system is equal to the density of an interacting system. The 
benefit of this assumption is that, the wave function of a non-interacting system can be 
represented as a Slater determinant of single-particle orbitals, each of which are 
determined by a single partial differential equation in three variable. Then, the time-
dependent (TD) Kohn–Sham equations are: 
 
𝑖
∂
∂t
φi(r, t) = (−
∇2
2
+ V[ρ](r, t)) φi(r, t)                         (2) 
𝜌(𝑟, 𝑡) = Σ𝑛𝑗|𝜑𝑖(𝑟, 𝑡)|
2                                                         (3) 
The potential (V) includes the VC(r), the nuclear potential ,Vext(r) and (XC), all are 
functions of  time KS-TDDFT technique with solvent effect is used to calculate the 
excitation energies (Eex) in DFT. 
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1.4. Thesis Summary 
This section will highlight the summary of each chapter.   Each chapter will be discussed 
in the manuscript format. 
Chapter-2  
Chapter-2 describes the comprehensive review on importance of solar energy and 
superiority of dye sensitized solar cells (DSSCs) over silicon solae cells. Solar energy is 
an abundant and accessible source of renewable energy available on earth, and many 
types of photovoltaic (PV) devices like organic, inorganic, and hybrid cells have been 
developed to harness the energy. PV cells directly convert solar radiation into electricity 
without affecting the environment. Although silicon based solar cells (inorganic cells) are 
widely used because of their high efficiency, they are rigid and manufacturing costs are 
high. Researchers have focused on organic solar cells to overcome these disadvantages, . 
DSSCs comprise of a sensitized semiconductor (Photoelectrode) and a catalytic electrode 
(counter electrode) with an electrolyte sandwiched between them and their efficiency 
depends on many factors. The maximum electrical conversion efficiency of DSSCs 
attained so far is 11.1%, which is still low for commercial applications. This chapter 
examines the working principle, factors affecting the efficiency and key challenges facing 
DSSCs. 
Chapter-3 
This chapter describes the synthesis of 1,3,4-Oxadiazol based photosensitizers for solar 
cell applications. In this work, four oxadiazol based photosensitizers were synthesized by 
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introducing biphenyl, naphthalene, anthracene and triphenyl amin as electron-donating 
moieties. The electrochemical and optical properties of these sensitizers were 
investigated .These photosensitizers were then employed in solar cells. The UV-Visible 
absorption spectroscopy, photocurrent–voltage (I–V) characteristic and electrochemical 
impedance spectroscopy (EIS) measurements were carried out to characterize the solar 
cells. The results indicate that 1,3,4-Oxadiazo pi-spacer with anthracene moiety shows 
the highest efficiency of 2.58%. Density functional theory and time dependent density 
functional theory DFT/TD-DFT modeling techniques were used to compute the 
electronic and optical properties of sensitizers. 
Chapter-4 
Chapter-4 describes the fabrication of DSSCs using hybrid photoanode and N3 ( cis-
diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylic acid) ruthenium(II)) sensitizer. 
CNTs suppress the charge recombination with electrolyte and improves the charge 
transport process in DSSCs. Titanium oxide/multi-walled carbon nanotubes 
(TiO2/MWCNTs) photoanodes were prepared using mixing technique. Dye sensitized 
solar cells (DSSCs) based on TiO2/MWCNTs composite with different concentrations of 
CNTs (0, 0.03. 0.06, 0.09, 0.15, 0.21 wt. %) were fabricated using N3 dye as a 
sensitizer. Transmission electron microscope (TEM) was used to confirm the dispersion 
of carbon nanotubes in TiO2. The UV-Visible absorption spectroscopy, photocurrent–
voltage (I–V) characteristic and electrochemical impedance spectroscopy (EIS) 
measurements were carried out to characterize device. The results show that the photo 
conversion efficiency is highly dependent on the concentration of CNTs in the 
photoanode. The solar cell based on photoanode containing 0.03 wt. % MWCNTs, has a 
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power conversion efficiency, which is about 30% greater than that of the unmodified 
photoanode. 
Chapter-5 
This chapter describes the co-sensitization technique to enhance the efficiency of DSSCs. 
Co-sensitization of two or more dyes on hybrid TiO2- MWCNTs photoanode is an 
effective approach to enhance the performance of a dye-sensitized solar cell (DSSC). In 
this work, N719 sensitizer is co-sensitized with N3. It was found that the co-sensitized 
device showed signiﬁcantly enhanced VOC and JSC relative to its individual single-dye 
sensitized devices. Upon optimization, the device made of the 0.1Mm N3 + 0.4mM N719 
system yielded JSC = 12.5 mA cm
-2
, Voc =0.73V, FF= 0.45 and η = 4.1 %; this 
performance is superior to that of either individual device made from N3 (3.69%) and 
N719 (3.59 %) under the same conditions of fabrication. The overall efficiency of DSSCs  
was further improved to 4.46% by the incorporation of MWCNTs in TiO2. The hybrid 
TiO2/MWCNTs photoanodes with different concentrations of CNTs (0.04. 0.08, 0.12, 
0.16 wt. %) were prepared using mixing technique. The optimized composition of 
N3+N719 was selected for the co-sensitization of hybrid photonodes. 
Chapter-6 
This chapter highlights the applications of graphene in DSSCs. Composite photoanodes 
for dye sensitized solar cells (DSSCs) were prepared by simple addition of graphene 
(GR) micro-platelets to TiO2 nanoparticulate paste. Transmission electron microscopy 
(TEM) was used to confirm the presence of graphene in composite films after heating at 
450 C for 30 minutes. TiO2/graphene based DSSCs with different concentrations of 
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gaphene were fabricated using N749 photosensitizer. The UV-Visible absorption 
spectroscopy, photocurrent–voltage (I–V) characteristic and electrochemical impedance 
spectroscopy (EIS) measurements were carried out to characterize the cells. The results 
indicate that graphene/TiO2 photoanode improves the performance of  of solar cell. This 
is because the graphene/titania electrode accelerates electronic transportation and 
suppresses the charge recombination. Under an optimal conditions, solar cell based on 
graphene/TiO2 shows power conversion efficiency (PCE) of 4.1 %, which is about 30% 
greater than the cell based on pristine TiO2 electrode (3.16%). The objective of this study 
is to develop a fast, cheap, and an eﬀective means to increase the photo conversion 
efficiency (PCE) of DSSCs. 
Chapter-7 
This chapter further describes the applications of DFT/D-DFT in optimizing the complex 
structures of photosensitizers. Complex organic compounds with benzene/thiophene as 
pi-segments are inspected as photosensitizers for applications in dye sensitized solar 
cells. To better understand the charge transport process involved in the dye sensitized 
solar cells, we used the results of Kohn–Sham density  functional  theory   and  time-
dependent  density functional theory (DFT) studies  of  benzene/thiophene based 
sensitizers as well as the dye bound to a TiO2  nano cluster. We investigated the 
electronic structures and UV-Vis spectra of the sensitizers alone and linked to the cluster. 
We also showed energy level diagrams, the major transitions of molecular orbitals and 
free energy calculation of the electron transfer from the sensitizer to the conduction band 
of the TiO2. The objective of this study is to explore the applications of DFT  and time 
dependent DFT in the field of dye designing for solar cells. 
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Chapter-8 
These chapters describe the computational study of geometry and electronic structure 
properties of novel oxadiazole based organic sensitizers using density functional theory 
(DFT) and time dependent DFT (TD-DFT) modeling techniques. In this study, four 
photosensitizers were designed by introducing oxadiazole isomers as π-conjugated 
bridges between donor and acceptor moieties. The computational analysis was performed 
to investigate the key parameters of light harvesting efficiency (LHE), free energy for 
electron injection (ΔGinject), excitation energies and frontier molecular orbitals (FMOs). 
The results suggest that the system with 1,2,3-oxadiazole shows a balance among the 
different crucial factors and may result in the highest incident photon to charge carrier 
efficiency of dye-sensitized solar cells. The dye/(TiO2)8 anatase clusters were also 
simulated to illustrate the electron injection efficiency at the interface. Similarly, the N3 
(ruthenium based sensitizer) dye was simulated under the same conditions. The 
computation results were compared with experimental values to validate the simulation 
basis/assumptions. 
Chapter-9 
Brief summary of the conclusion and recommendations will be presented in this chapter. 
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Abstract 
The solar energy is an abundant and accessible source of renewable energy available on 
earth. To bring this energy in use, many types of photovoltaic (PV) devices like organic, 
inorganic and hybrid cells have been developed. These PV cells directly convert the solar 
radiation into electricity, leaving no environmental effect. Silicon based solar cells 
(inorganic cells) are being widely used because of their high efficiency. But silicon PV 
cells are rigid and their manufacturing cost is high. To address these problems, research 
has focused on the organic solar cells. Dye sensitized solar cells (DSSCs) are proficient 
and low cost photovoltaic devices among all the organic solar cells. They consist of an 
electrolyte sandwiched between a sensitized semiconductor (Photoelectrode) and a 
catalytic electrode (counter electrode). The efficiency of DSSC depends on many factors. 
The electrical conversion efficiency of DSSCs has been attained to 11.1% so far. But it is 
still low for commercial applications. This review examines working principle, factors 
affecting the efficiency and key challenges of DSSCs. 
Keywords:  Solar radiation, DSSC, Photovoltaic, Semiconductor, electrolyte. 
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2.1. Introduction 
The world energy demand is increasing day by day. It is expected that world power 
consumption will be about 23 TW (terawatts) in 2050, which is currently 13 TW [1]. 
Fossil fuels meet 80% of the energy requirement of the whole world. But fossil fuels are 
depleting rapidly [2]. Moreover, the burning of fossil fuels also raises the amount of 
carbon dioxide in the atmosphere. Owing to growing energy demand, exhaustion of oil 
resources and global warming issues, there is a need for clean and renewable energy 
technologies. The photovoltaic technology employing solar energy is regarded as most 
efficient technology among all the sustainable energy technologies such as tidal power, 
solar thermal, hydropower and biomass [3]. 
The solar radiation from the sun is approximately 3×10
24 
J per year, which is ten times 
more than current energy demands [4]. To bring solar energy in use, the first practical 
photovoltaic cell was designed in 1954 at Bell laboratories. They used a diffused silicon 
p–n junction and 6% efficiency was found [5] . But now the light to electricity conversion 
efficiency of silicon based solar cells is between 15% and 20% [6]. Though need of high 
decontamination of silicon, use of toxic chemicals in their manufacturing and high cost 
has restricted their worldwide use. These constraints encouraged the search for 
environmentally friendly and low cost solar cells. In 1991, Michael Gratzel developed a 
new photovoltaic cell and the principle was similar to that of plant photosynthesis. This 
PV cell became known as DSSC. The efficiency of this cell was 7.1-7.9% [7]. DSSCs 
consist of an electrolyte inserted between a photoelectrode and a catalytic-electrode.  The 
measuring parameters of DSSCs like electrical conversion efficiency (η), Open circuit 
voltage (Voc), close circuit current density (Jsc), fill factor (FF), interface charge 
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resistance and an incident photon to current efficiency (IPCE) depend on the 
morphological, spectroscopic and electrical properties of semiconductors, dyes and 
electrolytes respectively. DSSCs are an important type of thin film photovoltaic 
technology because of their low cost of manufacturing, ease of fabrication and light 
weight product [8,9]. In the near future, the venture of DSSCs as a competitive 
technology will thus be revealed. The latest efficiency of DSSC is more than 11% [10].  
2.2. Structure and Mechanism of DSSC 
Structure and working principle of DSSC is shown in Fig 2-1. It consists of an electrolyte 
inserted between a photoelectrode and a catalytic-electrode. A charge separation process 
in DSSC consists of the following steps [3], 
i. Dye adsorbs on a thin film of semiconductor, absorbs incident solar energy. Upon 
absorbing energy, dye is become exited from the ground to the excited state 
ii. Due to the difference in energy levels of electronic states, electrons from the 
exited state are injected to the conduction band of the semiconductor. As a result 
dye is become oxidized. 
iii. The electrolyte in contact with dye donates electrons to dye to restore its initial 
state. 
iv. Electrolyte diffuses towards catalytic electrode where the reduction reaction takes 
place and electrolyte restores its initial state. 
 
In addition to this forward charge transfer processes some backward charge transfer 
processes also occur in one complete cycle. These backward electron transfer 
processes drastically reduce the efficiency of DSSCs.  These are 
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i. Back transfer of electrons from semiconductor to the oxidized dye. 
ii. Recombination of injected electrons with electrolyte (dark current). 
iii. Transfer of electrons from dye excited state to ground state. 
In order to reduce backward transfer processes,  
i. Charge transfer to semiconductor must occur with a quantum yield [12]. 
ii. Lowest unoccupied molecular orbital (LUMO) of photosensitizer should be more 
negative than the conduction band of the semiconductor and highest occupied 
molecular orbital (HOMO) should be more positive than the redox potential of 
electrolyte [13]. 
iii. Electron injection rate to semiconductor should be higher than the rate of decay of 
electrons from dye excited state to ground state [14]. 
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Fig 2-1:Structure and working principle of DSSC S°/S
+
/S* = sensitizer in the ground, 
oxidized and excited state, respectively. Red/Ox = Redox mediator [11] 
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2.3.Components of Dye-Sensitized Solar Cell 
 
2.3.1. Transparent Conductive Substrate 
DSSCs are normally constructed between two sheets of conductive transparent materials. 
These sheets provide a space for semiconductor and catalyst deposition and also act as 
current collector. Substrates must be highly transparent (transparency >80%) to allow the 
maximum passage of sunlight to the active area of the cell. Its electrical conductivity 
should also be high for efficient charge transfer and minimize energy loss. These two 
characteristics of substrate dictate the efficiency of DSSCs [3]. 
FTO (ﬂuorine tin oxide, SnO2: F) and ITO (indium tin oxide, In2O3: Sn) are normally 
being used as conductive substrate. They consist of soda lime glass coated with fluorine 
tin oxide and indium tin oxide layers respectively. ITO films show transmittance over 
80% and sheet resistance 18Ω/sq, while FTO films exhibit transmittance about 75% in 
the visible region and sheet resistance of 8.5Ω/sq. Siam et al have conducted the study for 
the comparison of FTO and ITO based DSSCs [15]. They constructed FTO and ITO 
based DSSCs. Photoanodes based on FTO and ITO glass substrates were sintered at 
450
o
C for 2 hrs in oxygen atmosphere. They found that after sintering sheet resistance of 
FTO remained constant, while sheet resistance of ITO changed from 18Ω/sq to 52Ω/sq.  
The DSSC based on FTO has an overall η of 9.4% in comparison with identical cell 
based on ITO which has η of 2.4%. Thus, FTO is highly recommended for DSSCs 
because of its low and temperature-stable sheet resistance. 
Polymers can also be used as an alternative to glass substrate because of their flexibility 
and low cost. Takurou et al. used PET (Polyethylene terephthalate) coated with ITO and 
found efficiency of 3.8% [16]. Polyethylene naphthalate (PEN) coated with ITO was used 
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by Rothenberger et al. and observed efficiency of 7.8% [17]. But temperature limitation 
restricts the use of polymers as substrate in DSSCs [18]. Metals that form a conducting 
layer like stainless steel, tungsten and titanium have also been used as substrates. Man Gu 
Kang. et al applied stainless steel and depicted efficiency of 6.1% [19]. However, the 
high cost and corrosion with electrolyte prohibit the use of metals as substrates [20]. 
2.3.2. Mesoporous Semiconductor  
Semiconductor provides a surface area for the dye adsorption. It accepts and conducts 
electrons from the excited dye to the external circuit to produce electric current [21]. The 
electron transport rate in the semiconductor affects the efficiency of DSSCs. It highly 
depends on crystallinity, morphology, and the surface area of semiconductors. Metal 
oxides like titanium oxide (TiO2), zinc oxide (ZnO) [22] and stannic oxide (SnO2) [23] 
have been used as semiconductor materials. But experiments show that DSSCs based on 
ZnO and SnO2 establish lower efficiency in comparison with nanocrystalline TiO2 [23–
25]. Therefore, it has been considered as an ideal semiconductor material for DSSCs 
since 1991 because of its better morphological and photovoltaic properties as compared 
to other semiconductors [26]. 
There are two crystalline forms of TiO2, anatase and rutile. But the former is preferable 
because, anatase has high conduction band edge energy (3.2 eV) as compared to rutile 
(~3 eV). High band gap energy makes anatase chemically more stable [27]. An electron 
transport process in rutile is also slow as compared to anatase due to high packing 
density. Short circuit photo current of anatase based DSSC is 30% more than that of rutile 
based DSSC of the same film thickness. Owing to smaller surface area per unit volume, 
rutile absorbs less dye and therefore less efficient [28].  
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The main loss path in DSSCs is the recombination of injected electrons with electrolyte. 
This phenomenon is also called dark current and diminishes the efficiency of DSSCs. 
Dark current can be minimized by employing structural changes, use of insulating layers 
or surface treatments of TiO2 [29]. Many morphologies of anatase TiO2 from 
nanoparticles, nanofibers [30], nanowires [31], hollow sphere [32], hollow hemisphere 
[33], nanotubes [34] and hierarchical spheres to ellipsoid spheres [35] have been 
fruitfully fabricated via solvothermal reactions of titanium n-butoxide and acetic 
acid.  The DSSC based on the hierarchical anatase TiO2 sphere photoelectrode shows an 
overall η of 9.35% accompanying a Jsc of 17.94 mA cm
−2
, Voc of 803 mV and FF of 0.65, 
which is much higher than that of nanoparticles (7.37%), nanofibers (8.15%) and 
ellipsoid TiO2 spheres (7.93%) [36]. The substantial improvement of short-Jsc and η for 
the hierarchical sphere-based DSSC compared to other nanostructure is mainly due to the 
larger dye loading, higher light scattering ability, faster charge transport and longer 
electron lifetime [36,37]. Another approach to minimize the charge recombination is 
deposition of the insulating layer on semiconductor electrode. Many metal oxide like 
ZnO [38], Niobium pentoxide (Nb2O5) [39], Al2O3 [40] and SiO2 [41] have been used as 
an energy barrier for retarding the charge recombination owing to their insulating 
properties. These insulating layers reduce the interaction between injected electron to the 
semiconductor and the electrolyte solution [42]. Similarly, surface treatment of TiO2 with 
TiCl4 also reduces the charge recombination process by increasing interfacial charge-
transfer resistance of the TCO/electrolyte interface [43,44]. Recently, Johann Boucle 
synthesized Nitrogen-doped TiO2 electrode (optically active electrode) by laser pyrolysis 
[45]. They found that the short-circuit current density of DSSC based on an N-doped 
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electrode increased by more than 10% compared to that of pure anatase. This progress is 
found to be associated with electronic and optical properties of the starting nanopowder. 
2.3.3. Dye (Photosensitizer) 
The function of dye is to absorb light and transfer electrons to the conduction band of the 
semiconductor. It is chemically bonded to the porous surface of the semiconductor. An 
efficient photosensitizer should:  
i. Show intense absorption in the visible region (400 nm-700 nm). 
ii. Be strongly adsorbed on the surface of the semiconductor. 
iii. Possess a high extinction coefficient. 
iv. Be stable in its oxidized form until it is re-reduced by an electrolyte. 
v. Be adequate for carrying out ~108 turnovers without instability, which typically 
corresponds to the 20 years of cell operation. 
vi. LUMO of photosensitizer should be more negative than the CB of the semiconductor 
and redox potential of the electrolyte should be less positive than the HOMO 
In addition the performance of DSSCs highly depends on a molecular structure of the 
sensitizers. Many chemical compounds are being used for the sensitization of 
semiconductor, such as the phthalocyanines [46–48], coumarin-343 [13,49,50], carboxy-
lated derivatives of anthracene [51,52] and porphyrins [53–55]. But photosensitizers 
based on transition metals have been the best so far [56]. There are three classes of 
photosensitizer: metal complex sensitizers, metal-free organic sensitizers and natural 
sensitizers. 
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2.3.3.1.Metal complex sensitizers 
Metal complex sensitizers consist of anchoring ligands (ACLs) and ancillary ligands 
(ALLs). The adhesion of photosensitizers with semiconductor is strongly dependent on 
the properties of ACLs. While ALLs are responsible for the tuning of the overall 
properties of sensitizers, the intense metal to charge transfer (MLCT) bands in the visible 
region is shown by polypyridinic complexes of d
6
 metal ions. The modification of ACLs 
as well as by changing the ALLs or its substituents can alter the energies of MLCT states. 
Many metal complex sensitizers have been prepared by changing the ALLs. However, 
ruthenium(II) polypyridyl complexes show better light to electricity conversion 
efficiency [57] because of their good spectroscopic, photostability, redox and excited 
state properties in the final device [58,59] The general representation of carboxylic based 
sensitizers is [Ru (dcbH2)2LL′], while dcbH2, and L and/or L′ represent anchoring ligands 
and ancillary ligands, respectively. An example of high performance carboxylic based 
sensitizer is cis-[Ru(dcbH2)2(NCS)2] also identified as N3 dye [60]. An efficient 
performance has also been perceived for the other ruthenium based photosensitizers such 
as [Ru(tcterpy)(NCS)3]
- 
 also named black dye. Fig 2-2 shows that the cell based on black 
dye is more proficient than red dye in the near infrared region and attained efficiency of 
10.4% [4]. Record efficiencies of various sizes and their structures are shown in Table 2-
1 and Fig 2-3, respectively. Although the record efficiency and stability has been 
achieved with ruthenium based sensitizers. But due to the high cost and scarcity of 
ruthenium, another course of actions should also be considered. 
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Fig 2-2:  (IPCE) of an efficient dyes and their chemical structures[61]  
 
Fig 2-3: Structure of some efficient Ru-based photosensitizers [62] 
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Table 2-1: Record efficiencies achieved for DSSCs of varying surface area [56] 
 
No Dye Surface area (cm
2
) η  (%) Voc (V) Isc (mA/cm
2
) FF (%) 
1 N719 <1 11.2 0.84 17.73 74 
2 N749 0.219 11.1 0.736 20.9 72 
3 N749 1.004 10.4 0.72 21.8 65 
4 N719 1.310 10.1 0.82 17.0 72 
5 N3 2.360 8.2 0.76 15.8 71 
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2.3.3.2.Metal-free photosensitizers 
Metal-free organic sensitizers have been fabricated not only to replace the expansive 
ruthenium based sensitizers but also to improve the electronic properties of devices. 
However, the efficiency of these sensitizers is still low as compared to ruthenium based 
dyes. But efficiency and performance can be improved by proper selection or tuning of 
the designing components. The general design mechanism of metal free organic is shown 
in Fig.-4. Donor and acceptors substituents are separated by π-conjugated spacer. The 
photoelectric properties of these dyes can be tuned by altering or matching different 
substituents within D-π-A structure. Literature shows that efficiency of such dyes 
changes with the changing of the chemistry of electrolytes. For example efficiencies of 
metal free organic dyes in liquid, ionic and solid state electrolytes are greater than 8%, 
6% and 4%, respectively [63]. These results suggest that donor groups for efficient 
sensitizers should be selected from the electron rich aryl amines family such as 
phenylamine, aminocoumarin, indoline and (difluorenyl)triphenylamine. While π-
conjugated connector must be selected from thiophene units e.g. oligothiophenes, 
thienylenevinylenes, or dithienothiophene due to their outstanding charge transfer 
characteristics. While on the acceptor side acrylic acid group is considered as best 
acceptor moiety. However, the efficiency of DSSCs based on metal-free organic 
sensitizers is still low for industrial applications. Some important metal free 
photosensitizers and their photoelectric properties are summarized in Table 2-2. 
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Table 2-2: Metal free organic photosensitizers with different electrolytes. 
 
Compound Voc   Jsc FF [%] η [%] Electrolyte* Ref    
 
0.6 17.8 
 
57 6.1 OE [64] 
 0.67 9.7 74 4.9 IL [65] 
 0.87 7.7 61 4.1 SS [66] 
       
 
0.65 20 69.4 9 OE [67] 
 0.71 12.5 72 6.4 IL [65] 
 0.55 14.1 54 4.2 SS [68] 
 
Electrolyte*:  O.E= Organic Electrolyte, I.E= Ionic Liquid, S.S= Solid State 
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Fig 2-4: Design mechanism of an organic dye for TiO2 photoanodes in DSSCs  
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2.3.3.3.Natural Sensitizers 
Natural dyes have also been used in DSSCs because of their low cost, easy extraction, 
nontoxicity and environment-free threats [69]. There are two classes of plant pigments 
such as carotenoids and flavonoid. In addition, there are three subclasses of flavonoid: 
anthocyanins, proanthocyanidins and ﬂavonols. But only anthocyanins of flavonoid 
group are responsible for cyanic colors ranging from salmon pink through red and violet 
to dark blue of most flowers, fruits and leaves. Anthocyanins are most extensively 
investigated as natural sensitizers and their extracts show maximum absorption in the 
range of 510-548 nm depending on the fruit or solvent used [70]. The basic chemical 
structures of most abundant anthocyanins are shown in Fig 2-5. 
The length of substituent R also affects the performance of anthocyanins. If the length of 
R is large then performance of the dye will be less due to the steric hindrance which 
restricts the transfer of electrons from dye molecules to the conduction band of the 
semiconductor. The efficiency of natural dyes is very low because of weak interaction 
between semiconductor (TiO2) and dyes. Also, dye aggregation on nanocrystalline film is 
another important cause of low efficiency. Some important natural dyes and their 
photoelectric properties are summarized in Table 2-3. The highest efficiency has been 
produced by Red turnip based on the work produced by Calogero et al [71]. 
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Fig 2-5: a) chemical structures of anthocyanins b) Structure in acidic and basic medium c) 
Chelation mechanism with TiO2 [70] 
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Table 2-3: Photoelectric parameters of DSSCs based on natural dyes. 
 
No Dye η(%) Voc(V) Jsc(mA/cm
2
) FF(%) Ref 
1 Red Turnip 1.7 0.43 9.50 0.37 [71] 
2 Rhoeo Spathacea 1.49 0.5 10.9 0.27 [72] 
3 Shisonin 1.31 0.53 4.80 0.51 [73] 
4 Wild Sicilian 1.19 0.38 8.2 0.38 [71] 
5 Mangosteen 1.17 0.67 2.69 0.63 [74] 
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2.3.4. Electrolyte 
The function of electrolyte is to regenerate the dye after injecting electrons into the 
conduction band of the semiconductor. It also acts as a charge transport medium to 
transfer positive charges toward the counter electrodes. The long term stability of DSSCs 
depends on the properties of electrolyte. Therefore, electrolyte must hold the following 
characteristics [75,76], 
i. It should have high electrical conductivity and low viscosity for the faster 
diffusion of electrons. 
ii. It should produce good interfacial contact with nanocrystalline semiconductor and 
the counter electrode. 
iii. It must not cause desorption and degradation of dye from the oxidized 
surface. 
iv. It should not absorb light in the visible region.  
Electrolytes for DSSCs are classified into three types, liquid electrolytes, solid state electrolytes 
and quasi-solid state electrolytes. 
2.3.4.1.Liquid Electrolytes 
Liquid electrolytes are further classified into two types, organic solvent electrolytes and 
room temperature ionic liquid electrolytes (RTIL) depending on the solvent used. 
2.3.4.1.1. Organic electrolytes 
Each component of organic electrolytes such as redox couple, solvent and additives affect 
the performance of DSSCs. The major component of organic solvents is redox couple. 
Many kinds of redox couples such as Br
-
/Br3 [77], SCN
-
/(SCN)2, SeCN
-
/(SeCN)2 [78,79] 
and substituted bipyridyl cobalt(III/II) [80] have been investigated. But I3/I
-
 is considered 
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as an ideal redox couple so far [81] because of its good solubility, rapid dye regeneration, 
low absorbance of light in the visible region,  suitable redox potential and very slow 
recombination kinetics between injected electrons in semiconductor and triode (I3) [82]. 
Another basic component of liquid electrolyte is organic solvent. It is responsible for the 
diffusion and the dissolution of the iodide/triiodide ions. Many types of solvents such as 
acrylonitrile (AcN), ethylenecarbonate (EC), propylenecarbonate (PC), 3-
methoxypropionitrile (MePN) and N- methylpyrolidone (NMP) have been investigated 
with reliable performance [83,84].  The photoelectric performance of DSSCs depends on 
the donor number (DN) of the solvents. Using solvents with large DN increases the VOC 
and decreases Jsc Values [85]. This is because high DN gives a lower concentration of 
triode which in turn reduces the dark current and therefore high photovolatage (Voc). The 
photovoltaic properties of DSSCs can be optimized by employing electric additives. The 
most efficient additives are 4-tert-butylpyridine(TBP), Nmethylbenzimidazole (NMBI) 
and guanidinium thiocyanate (GuNCS) [86]. These additives are adsorbed onto the 
photoelectrode/electrolyte interface and prevent the recombination of injected electrons 
with tri-iodide ions. One important parameter is the concentration of I
-
/I3 in the mixture 
when used as redox couple. If the concentration is low, then it will be difficult to 
maintain the required conductivity. But if the concentration is high then it will absorb 
light in the visible region . Therefore, the concentration of I
-
/I3 in electrolyte must be 
optimized. 
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2.3.4.1.2. Ionic electrolytes 
Although covalent electrolytes show record efficiency they have a high evaporation rate 
due to high volatility. High evaporation rate and leakage problem limit the long term 
stability of DSSCs based on covalent electrolytes. In order to minimize these problems, 
room temperature ionic liquids (RTIL) have been employed successfully. They are a 
group of organic salts consisting of cations such as pyridinium, imidazolium and anions 
from the halide or pseudo-halide family [87]. They act simultaneously as iodine source 
and as a solvent. The most commonly used IL for DSSCs applications are N, N′ bis-alkyl-
substituted imidazolium iodides [88]. It has been found that the viscosity of these salts 
decrease with decreasing alkyl chain length due to decrease of van der Waals forces. 
Therefore, the conductivity of IL electrolytes decreases because an increase in viscosity 
limits the diffusion of charges in the liquid [89]. The preferred counter ions for alkyl 
imidazolium based ILs are I
-
, N(CN)2
-
, B(CN)4
-
, CF3COO)2N
-
, BF4
-
, PF6
-
 and NCS
-
. 
Instead of alkyl imidazolium based ILs, alkyl pyridinium and trialkylmethylsulfonium 
based ILs have also been developed for DSSCs applications. Some ILs and their 
efficiencies in DSSCs are presented in Table 2-4. However, low efficiency due to high 
viscosity limits their application as electrolytes in DSSCs. 
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Table 2-4: : ILs and their efficiencies in DSSC applications 
 
No Ionic Liquids η[%] Ref 
1 1-hexyl-3-methylimidazolium iodide 5.0 [89] 
2 1-methyl-3-(3,3,4,4,5,5,6,6,6,-nonaﬂurohexyl) 
imidazolium 
5.1 [90] 
3 1-butyl-3-methylimidazolium iodide 4.6 [90] 
4 S-propyltetrahydrothiophenium iodide 3.51 [91] 
5 Eutectic mixture of glycerol and choline iodide 3.88 [92] 
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2.3.4.2.Solid-state electrolytes 
 
Leakage is a key problem in liquid electrolytes based DSSCs which drastically reduce the 
long term stability of solar cells. In order to improve the performance and stability, solid 
state electrolytes have been developed [2]. It is just to replace the liquid electrolyte with 
p-type semiconductor or hole transfer material (HTM). A band gap structure of p-type 
semiconductor must be compatible with the HOMO level of the    photosensitizer and the 
conduction band of the n-type semiconductor (TiO2) [3]. Copper based compound such 
as CuI, CuBr and CuSCN have been employed as an inorganic HTM because of their 
good conductivity [81].  Organic HTMs have advantages over inorganic HTMs because 
of their low cost and easy deposition. The pioneer element of this class was 2,2’,7,7’-
tetrakis (N,N-di-pmethoxyphenylamine) 9,9'-spirobifluorene (OMeTAD) having 
efficiency of 0.74%  (under white-light illumination of 4mW/cm
2
) only [93]. Its 
efficiency was increased to 3.2% by improving dye adsorption in the presence of silver 
ions in the dye solution [94]. Solid state electrolytes based DSSCs have very low light-to-
electricity conversion efficiency due to poor intimate contact between photoelectrode–
HTMs and high rate of charge recombination from semiconductor to HTM. However, 
light-to-electricity conversion efficiency can be improved by introducing a redox couple 
into solid state electrolyte as a transport medium. Some common HTMs and their 
efficiencies in DSSCs are presented in Table 2-5. 
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Table 2-5: Performance of different HTMs in DSSCs. 
 
No HTMs η[%] Ref 
1 CuI 2.4                                         [95]
2 CuI 3.8                                         [96]
3 CuSCN 1.5                                         [97]
4 Spiro-OMeTAD 3.2                                        [94]
5 Polyaniline 1.15                                      [98]
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2.3.4.3.Quasi-solid state electrolytes 
Though, leakage problem is solved by solid state electrolytes. But intimate contact 
between mesoporous semiconductor and HTM is still a problem. Since solid-state 
electrolytes do not penetrate into the pores of the semiconductor. This problem has been 
solved by quasi-solid state electrolytes. Quasi-solid state electrolyte is a composite of 
polymer and liquid electrolyte [99,100]. Because of the unique network structure of 
polymers, quasi-solid state electrolytes show better long term stability, high electrical 
conductivity and good interfacial contact as compared to liquid electrolytes [99,100]. The 
conductivity of the quasi-solid state electrolytes depends on the molecular weight and the 
morphology of the polymer because the higher mobility of charges occurs in the 
amorphous phase of polymer than in the crystalline phase. The performance of polymer 
electrolytes based DSSCs strongly depends on the working temperature. This is because 
an increase of temperature causes the phase transformation from a gel state to solution 
state [81]. Some important polymer electrolytes and their performance are summarized in 
Table 2-6.  
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Table 2-6: Polymer electrolytes and their performance in DSSC applications 
 
No Polymer Solvent η [%] Ref 
1 1,3:2,4-Di-O-benzylidene-D-sorbitol 3-methoxypropionitrile 6.1 [100] 
2 5 poly (acrylic acid)-poly(ethylene glycol) N-Methyl-2-pyrrolidone+ γ-butyrolactone 6.1 [101] 
3 Low molecular weight gelator 1-hexyl-methylimidazoliumiodide, iodine 5 [89] 
4 poly(acrylonitrile-co-styrene) 4-tert-butylpyridine+NaI+I2 2.75 [102] 
5 poly(ethylene glycol) (PEG) propyleneycarbonate+potassium Iodide, Iodine 7.2 [103] 
6 poly(ethylene oxide-co-propylene oxide)trimethacrylate EC +GBL 8.1 [104] 
7 poly(vinylidene-fluoride-co-hexafluoropropylene) 1,2-dimethyl-3-propylimidazoliumiodide,iodine >6 [105] 
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2.3.5. Counter electrode 
Counter electrode is used for the regeneration of the electrolyte. The oxidized electrolyte 
diffuses toward the counter electrode where it accepts electron from the external circuit. 
A catalyst is needed to accelerate the reduction reaction. Platinum (Pt) is considered as a 
preferred catalyst because of its high exchange current density, good catalytic activity 
and transparency.  The performance of CE depends on the deposition method of Pt on 
TCO substrate. Many deposition methods like thermal decomposition of 
hexachloroplatinic salt in isopropanol [106], electrodeposition [107], sputtering [108], 
vapor deposition and screen printing [109]. It has been found that characteristics of Pt 
catalyst decrease with time in the presence of iodide/tri-iodide redox couple [110]. 
Experiments show that two major factors are responsible for the adulteration of Pt 
counter electrode: alteration of its electrocatalytic properties and annihilation of Pt from 
the substrate [106]. Although the Pt catalyst possesses high catalytic activity, the high 
cost of Pt is a disadvantage. Therefore, grapheme and conductive polymers have alsobeen 
used as alternative materials for counter electrode .But their electrical efficiencies were 
very low when compared to the Pt catalyst. 
2.4. Key challenges and recommendations 
Low efficiency and low stability are the major challenges for the commercial growth of 
DSSCs. The following factors are responsible for the low efficiency and stability of 
DSSCs:  
i. Non-optimized dark current  
ii. Poor performance of dyes in the NIR region 
42 
 
iii. Poor contact between the electrodes 
iv. High volatility and high viscosity of electrolytes  
v. Degradation of electrolyte properties due to UV absorption of light 
 
Following steps can be recommended in order to enhance the efficiency and stability of 
DSSCs, 
i. Improvement in the morphology of semiconductors to reduce dark current 
ii. Improvement in the dye design to absorb light NIR region 
iii. Develop low volatile and less viscous electrolyte to improve the charge transfer 
rate. 
iv. Improvement in mechanical contact or adhesion between the two electrodes 
v. Use of additives for dyes and electrolytes that enhance their properties. 
 
However the efficiency and stability of DSSCs do not depend on a single factor. There 
must be traded off among different factors to improve the performance of DSSCs. 
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Abstract 
 1,3,4-Oxadiazol based photosensitizers were synthesized for solar cell applications. In 
this work, four oxadiazol based photosensitizers were synthesized by introducing 
biphenyl, naphthalene, anthracene and triphenyl amin as electron-donating moieties. The 
electrochemical and optical properties of these sensitizers were investigated .These 
photosensitizers were then employed in solar cells. The UV-Visible absorption 
spectroscopy, photocurrent–voltage (I–V) characteristic and electrochemical impedance 
spectroscopy (EIS) measurements were carried out to characterize the solar cells. The 
results indicate that 1,3,4-Oxadiazo pi-spacer with anthracene moiety shows the highest 
efficiency of 2.58%. Density functional theory and time dependent density functional 
theory DFT/TD-DFT modeling techniques were used to compute the electronic and 
optical properties of sensitizers. 
Keywords: 1,3,4-Oxadiazol, electron-donating moieties, efficiency, Density functional 
theory 
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3.1. Introduction 
Inorganic silicon based solar cells are being currently used for the conversion of photo 
energy on a commercial scale because of their high efficiency [1]. However, the need of 
highly purified silicon, use of toxic chemicals in their manufacture, and the high cost has 
restricted their worldwide use. These constraints encouraged the search for low cost and 
environmentally friendly solar cells. In this context, dye-sensitized solar cells (DSSCs) 
have received widespread attention in recent years because of their ease of processing 
and the low cost [2-7]. 
Dye is the major component of DSSCs, which absorbs incoming sunlight and produce 
excitons [8, 9]. The photosensitizer, which is chemically bonded to the porous surface of 
the semiconductor, can be a metal complex or a metal-free organic sensitizer. But metal 
free organic photosensitizers are preferred over ruthenium based sensitizers because of 
their low cost and good transport properties. The basic structural unit of metal-free dyes 
is the donor-pi-spacer-acceptor (D-π-A) unit and the photovoltaic properties of such dyes 
can be ﬁne tuned by selecting suitable groups within the D-π -A structure [10]. These 
results suggest that the donor groups to form efficient sensitizers should be selected from 
the electron rich aryl amines family including phenylamine, aminocoumarin, indoline, 
and (difluorenyl)triphenylamine [8]. Many organic groups have been used as pi-spacer to 
tune the electrical and optical properties of light sensitive materials [11]. The best known 
organic compounds for obtaining such properties are porphyrins [12], styrylarylenes [13], 
perylenes [14], benzofurans [15], indoles [16], thiazole [17, 18] and oxadiazole [19]. 
Among them, the oxadiazole derivatives are considered the most efficient electron 
transport materials owing to their good thermal and chemical stabilities and high quantum 
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yield [20]. Many studies have shown that 2-(4-biphenylyl)-5-(4-tertbutylphenyl)-(1, 3, 4) 
oxadiazole exhibits excellent charge transport properties [19, 21-24]. Tian and co-
workers successfully synthesized the naphthalimide derivatives containing the oxadiazole 
moiety. They found that oxadiazole moiety increases the electron injection properties and 
minimizes the carrier recombination [21]. 
The density functional theory (DFT) and time-dependent DFT (TD-DFT) can provide a 
deeper understanding of the relationship between molecular structure and properties of 
compounds. Thus, theoretical calculations are important to design new and efficient dyes 
for DSSCs [25-32]. DFT is used because it is the only ab initio method able to do the 
calculation at a cost acceptable for routine use. Here, the aim is to study the theoretical 
and experimental studies of novel oxadiazole based organic dyes and establish their 
structure-performance relationship for application in DSSCs. 
3.2. Computational Detail 
All the DFT/TD-DFT calculations were executed using Amsterdam Density Functional 
(ADF) program (2013.01).BAND mode was used to simulate the anatase TiO2 cluster. 
Here, we selected tetragonal anatase crystal structure with single layer (001) surface slab. 
Then, a 4×1 supercell was created from this slab. All atoms were maped within the unit 
cell. The ground state geometries of oxadiazole dyes were optimized by applying 
generalized gradient approximation (GGA) at OLYP. The (TiO2)8 nano-particle cluster 
was also simulated by considering GGA at Becke, parameter,Lee-Yang-Parr (BYLP) 
level with triple-ζ polarization basis function. In all the calculations, the relativistic 
eﬀects were taken into account by the zero order regular approximation (ZORA) 
Hamiltonian in its scalar approximation. 
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3.3. Experimental and Characterization 
3.3.1. Designed system 
The structures and names of new class of dyes are shown in Fig. 1. In these structures, 
biphenyl, naphthalene, anthracene and triphenyl amin were used as the electron-donating 
moiety and carboxyl and cyano groups (-COOH and -CN) were introduced as the 
electron acceptor and the anchor group because of their high electron-withdrawing ability 
and strong bonding to the semiconductor. 1,3,4-Oxadiazole was used as the π-conjugation 
system, which bridges the donor-acceptor systems. A double bond and a thiophene unit 
were also introduced to the pi-conjugation system to fine tune the planar molecular 
configuration and to broaden the absorption spectra. The performance of the dyes was 
tested with different isomers of oxadizoles as the π-conjugated bridge. 
3.3.2. Fabrication of DSSCs 
A 2 mM solution of each dye was prepared in methanol. The composite electrodes were 
soaked in the dye solution for 24 hours.  After sensitization, the samples were washed 
with ethanol to eliminate unanchored dye. Then, DSSCs were fabricated employing the 
sensitized hybrid  anode, platinum deposited counter electrode (Plasticol T, Solaronix), 
60 μm sealing spacer (Meltonix 1170, Solaronix) and I−/I3
−
 redox couple electrolyte 
prepared in methoxypropionitrile with a 50 mM redox concentration (Iodolyte Z-50, 
Solaronix). 
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Fig 3-1: Structures of novel 1,3,4-Oxadiazol based photosensitizers 
 
D1 
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3.3.3. Characterization of DSSCs 
The visible spectra of dyes in methanol and anchored to TiO2 ﬁlms at glass substrates 
were recorded with JASCO-670 UV/VIS spectrophotometer. Keithley 2400 Source Meter 
was used to measure the I−V characteristics of the DSSCs using IV-5 solar simulator (Sr 
#83, PV Measurement, Inc) at AM1.5G (100 mWcm
− 2
). The silicon solar cell was used 
as a reference for calibration. The impedance spectroscopy (EIS) was measured in dark 
conditions of illumination via Bio-Logic SAS (VMP3, s/n:0373), with an AC signal of 10 
mV in amplitude, in the frequency range between 10 Hz and 500KHz.  
3.4. Results and Discussion 
3.4.1. Energy levels of photosensitizers 
The HOMOs, LUMOs, and the band gap energies of the photosensitizers play an 
important role in providing the thermodynamic driving force for the electron injection. 
For efficient charge transfer, the LUMOs of dyes must be more negative than the 
conduction band of the semiconductor while HOMO levels must be more positive than 
the redox potential of electrolyte. We used a DFT technique to find the band gap of TiO2 
and novel photosensitizers. The electron distribution of the HOMOs and LUMOs of D1, 
D2, D3 and D4 are shown in Fig.2. Clearly, the HOMOs of these compounds are the 
highest electron density located at donor moieties. The LUMOs are located in the 
anchoring group through the pi-bridge. Thus, the HOMO-LUMO excitation induced by 
light irradiation could move the electron distribution from the donor moieties to the 
anchoring unit through the pi-bridge segment. The interface between the sensitizer and 
TiO2 plays an important role in the electron injection efficiency. Though (TiO2)n clusters 
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(n = 4, 6, 8) were simulated, (TiO2)8 containing model was selected because of its 
balanced electronic properties (conduction band ~ -4.0 eV and band gap 3.18 eV). 
Table-1 shows that the HOMO levels of the dyes are in the order of D3 (-4.689) >D4 (-
5.180) >D1(-5.657)>D2 (-5.682). While, LUMOs energy levels are in the order of D3 (-
3.694) > D4 (-3.840) > D2 (-3.867)>D1 (-3.956). The electron donating moitied 
signiﬁcantly affect the HOMO and LUMO energy levels of the dyes. Similarly, the H-
Lgap of the dyes are in the order of D3 (1.175) < D4 (1.340) <D1 (1.701) < D2 (1.815). 
These results suggest that dyes 1-4 can inject electrons to the conduction band of titanium 
oxide.            
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Table 3-1: The frontier molecular orbital (eV) and H-L gap (eV) energies of systems 1-4 
 
Dyes LUMOs (eV) HOMOs (eV) Band Gap (eV) 
D1 -3.956 -5.657 1.701 
D2 -3.867 -5.682 1.815 
D3 -3.694 -4.869 1.175 
D4 -3.840 -5.180 1.340 
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Fig 3-2: Simulated HOMOs and LUMOs of dyes 
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3.4.2. Optical properties 
The UV-Vis absorption spectra of D3 in chloroform and adsorbed on TiO2 are shown in 
Fig 3. Two distinct absorption bands of D3 in chloroform can be observed: one relatively 
weak bond is in the region (380-400 nm) corresponding to the π-π* electron transitions of 
the conjugated molecules and the other is around 430-460 nm that can be assigned to an 
intramolecular charge transfer (ICT) between electron-donor and electron acceptor 
anchoring moieties. However, the absorption shifts to lower energy values when 
anchored to TiO2. This is due to the fact that on the electrode the carboxylate groups bind 
to the TiO2 surface in which Ti 
4+
 acts as proton. The interaction between the carboxylate 
group and the surface Ti
4+
 ions may lead to increased delocalization of the π* orbital. The 
energy of the π* level is decreased by this delocalization, which explains the red shift for 
the absorption spectra. 
3.4.3. Photovoltaic performance  
Typical solar cells, with an effective area of 0.35 cm
2
 are fabricated using D1, D2 D3 and 
D4 dyes. Short-circuit current density (Jsc), open circuit voltage (Voc), ﬁll factor (FF), 
and photovoltaic conversion efﬁciency (η) of DSSCs are listed in Table-2 and the 
corresponding photocurrent evoltage (I-V) curves are showed in Fig-4. Among the four 
dyes, the D3-sensitized cell exhibited the best photovoltaic performance. Based on these 
parameters, the electron-donating ability of the donor in a dye molecule plays a key role. 
The electron-donating ability of donor groups is indicated by the LUMOs energy levels. 
Higher HOMO and LUMO energy levels of D3 do not only generate charge separation, 
but also accelerate the dye regeneration via fast oxidation of tri-iodide by oxidized dyes, 
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to avoid charge recombination between oxidized dyes and photo-injected electrons in the 
TiO2 ﬁlm, thus enhancing the sensitized cell performance. 
 
 
 
 
 
Fig 3-3: UV-Vis absorption spectrum of D3 in chloroform and anchored to TiO2 
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Table 3-2: Photovolatic properties of DSSCs based on hybrid anodes 
Dye jsc (mA/cm
2
) Voc (mV) FF(%) η (%) 
D1 0.479 448 50 0.11 
D2 0.952 455 51 0.23 
D3 8.178 632 50 2.58 
D4 2.196 587 40 0.52 
 
 
 
Fig 3-4: Current − voltage curves of DSSCs  
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3.4.4. Electrochemical impedance spectroscopy (EIS) analysis 
EIS analysis is performed to further elucidate the photovoltaic properties. Figure 5 shows 
the Nyquist plot of DSSCs which were assembled with TiO2-SQ2 and 0.06%MWCNTS-
TiO2-SQ2. Generally, a normal impedance spectrum of DSSCs is represented by three 
arcs (semicircles). The first semicircle represents the charge transport resistance at 
counter electrode/electrolyte (R1), second signifies  the charge transport resistance at the 
photoanode / electrolyte interface (R2), and third indicates the diffusion process of 
I
−
/I3
−
 redox couple in electrolyte (Zw) [33, 34]. Only second arc comes out in the Nyquist 
plot in the Fig 5. It is probable that the other two arcs corresponding to R1 and Zw are 
overshadowed by large semicircle reprenting R2 [35, 36]. The R2 is related to the charge 
recombination rate, e.g., a smaller R2 indicates a faster charge recombination. The R2 
value for DSSC assembled with D3 is greater that of D1, D2 and D4. The higher R2 of 
D3 relative to D1, D2 and D3 could be attributed to the steric hindrance of bulky 
antherence unit. 
3.5. Conclusion 
A series of novel dyes D1, D2, D3 and D4 have been prepared for dye sensitized solar 
cells (DSSCs). The results indicate that the donor moiety in organic dyes strongly 
influences the performance of DSSCs. The incorporation of antherence unit as a donor 
moiety improves the efficiency of DSSC as compared to other donor units i.e. biphenyl, 
naphthalene and triphenylamine. Among the four photosensitizers synthesized, maximum 
efﬁciency of 2.58% was obtained with a DSSCs based on D3 (Jsc = 8.178 mA/cm
2
, Voc 
=632 Mv , FF =0.5). These results advocates that the photosensitizers based on 
antherence unit are auspicious candidates for DSSCs. 
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Fig 3-5: EIS investigation of DSSCs based on novel sensitizers 
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Abstract 
Titanium oxide/multi-walled carbon nanotubes (TiO2/MWCNTs) photoanodes were 
prepared using mixing technique. Dye sensitized solar cells (DSSCs) based on 
TiO2/MWCNTs composite with different concentrations of CNTs (0, 0.03. 0.06, 0.09, 
0.15, 0.21 wt. %) were fabricated using N3 dye as a sensitizer. Transmission electron 
microscope (TEM) was used to confirm the dispersion of carbon nanotubes in TiO2. The 
UV-Visible absorption spectroscopy, photocurrent–voltage (I–V) characteristic and 
electrochemical impedance spectroscopy (EIS) measurements were carried out to 
characterize device. The results show that the photo conversion efficiency is highly 
dependent on the concentration of CNTs in the photoanode. The solar cell based on 
photoanode containing 0.03 wt. % MWCNTs, has a power conversion efficiency, which 
is about 30% greater than that of the unmodified photoanode. We also used density 
functional theory (DFT) quantum modeling technique to investigate the thermodynamic 
aspects of the charge transport processes involved in DSSC. Our simulation outcomes 
support the experimental results. 
Keywords: Hybrid, DSSC, MWCNTs, density functional theory 
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4.1. Introduction 
The world energy demand is continually increasing and the world power consumption, 
which is 13 terawatts (TW) currently, is expected to reach about 28 TW in 2050 [1]. 
Fossil fuels, which are depleting rapidly, meet 80% of the energy requirement of the 
whole world [2]. Moreover, the burning of fossil fuels raises the amount of carbon 
dioxide in the atmosphere. Owing to growing energy demand, exhaustion of oil 
resources, and global warming issues, there is a need for clean and renewable energy 
technologies. Photovoltaic technology employing solar energy is regarded as the most 
efficient technology among all the sustainable energy technologies such as tidal power, 
solar thermal, hydropower, and biomass [3]. The solar radiation from the sun is 
approximately 3×10
24
 J per year, which is ten times the current energy demand [4]. 
Therefore, the conversion of photo energy into electrical energy is generally considered 
as the most potential way to resolve the world energy crisis, owing to its huge reserves. 
 DSSCs have got global attention in the past fifteen years owing to their easy processing 
and low production cost compared with inorganic solar cell. Meanwhile, the CNTs are 
also being extensively explored and employed due to their excellent morphological and 
electrical properties. These two apparently discrete inventions (DSSCs and CNTs) were 
fortuitously linked together in 1991. In this year, Grätzel  devised dye sensitized solar cell 
[5] while Iijima discovered CNTs [6]. Fortunately, both innovations were reported by the 
top scientific journal Nature. 
The major component of the DSSCs is a dye. Its function is to absorb incoming sunlight 
and produce excitons. It is chemically bonded to the porous surface of the semiconductor. 
Presently,  ruthenium(II)-polypyridyl complexes based DSSCs have got overall power 
conversion efficiencies (PCE) over 11% under standard (Global Air Mass 1.5) 
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illumination [7–9]. The high efficiencies of the ruthenium (II) -polypyridyl DSSCs can be 
attributed to their wide absorption range, good spectroscopic and photostability in the 
final device. In addition, the carboxylate groups attached to the bipyridyl moiety lower 
the energy of the ligand π* orbital. The general representation of carboxylic acid based 
sensitizers is [Ru (dcbH2)2LL′], while dcbH2, and L and/or L′ represent anchoring ligands 
and ancillary ligands, respectively. An example of a high performance carboxylic acid 
based sensitizer is cis-[Ru(dcbH2)2(NCS)2], which is also known as the N3 dye . 
Similarly, there are two crystalline forms of TiO2, anatase and rutile, the former is 
preferred because the exciton mobility in rutile is less than in anatase due to the high 
packing density.  
However, the efficiency of DSSC is still low compared with the silicon solar cells due to 
recombination of injected electrons with the electrolyte (dark current) and oxidized dye 
[10]. Therefore, in order to improve the PCE of DSSCs, there is need to  reduce the 
charge recombination and  accelerate the electron transport [11]. Since CNTs show 
outstanding electrical conductivity [12–14], their incorporation in photanode may 
enhance the PCE of DSSCs by reducing the charge recombination . 
Here, we also employed DFT and time dependent DFT to investigate the thermodynamic 
aspects of charge transport processes involved in DSSC. It is an effective tool as 
compared to other high level quantum approaches because the computed orbitals are 
suitable for the typical MO-theoretical analyses and interpretations [15]. Many 
theoreticians have successfully applied this technique to calculate the electronic structure 
properties of photosensitizers [15–21]. 
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4.2.Computer simulations  
All the DFT/TD-DFT calculations were executed using Amsterdam Density Functional 
(ADF) program (2013.01).  
4.2.1. TiO2 cluster Model 
BAND mode was used to simulate the anatase TiO2 cluster. Here, we selected tetragonal 
anatase crystal structure with single layer (001) surface slab. Then, we created 4×1 
supercell from this slab. All atoms were maped within the unit cell. 
4.2.2. Simulation Method 
TiO2 and carbon doped TiO2 models were simulated by considering generalized gradient 
approximation (GAD) at BYLP level and triple-ζ polarization basis function. The ground 
state geometries of N3, N3-TiO2 N3-(TiO2-C) systems were optimized by applying a 
hybrid B3LYP level together with triple-ζ polarization basis function. UV-Vis spectra of 
N3 was simulated in ethanol solvent. Here the conductor-like screening model (COSMO) 
was selected to take the solvent effects into account.  While the excitation energies were 
examined using TD-DFT and statistical average of orbital potentials (SAOP) model 
including the salvation effects. Eighty singlet-singlet transitions were calculated, which 
are sufﬁcient to fully deﬁne the whole absorption spectrum. In all the calculations, the 
relativistic eﬀects were taken into account by the zero order regular approximation 
(ZORA) Hamiltonian in its scalar approximation. 
Light harvesting efficiency (LHE) [22] and free energy of electron injection (ΔGinject) 
[20] can be calculated by the following relations:  
LHE =1-10
-A                              
(1) 
“A” represents the absorption 
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ΔGinject = Eoxdye* -  ECB        (2) 
ECB is the conduction band of the semiconductor and Eox
dye
* is the dye excited state 
potential, which is related as [17]: 
Eox
dye
*  =  Eox
dye
 – ΔE       (3) 
Similarly Eox
dye
 shows the dye ground state potential and ΔE is the minimum energy of 
absorption associated with λmax, While [18] 
Eox
dye
  = -HOMO                (4) 
4.3.Experimental 
 
4.3.1. Preparation of hybrid photoanodes 
A suspension solution of ethanol and MWCNTs was prepared by dissolving 0.01g of 
MWCNTs in 20 ml ethanol solution. It was then sonicated for 4hr to attain a good 
dispersion of MWNTs in ethanol. An exact quantity of dispersed MWCNTs was mixed 
with known amount of anatase TiO2 paste (T/SP 14451, solaronix) to obtain a composite 
paste. Five different samples of TiO2-MWCNTs were prepared by varying the 
composition of MWCNTs i.e. 0, 0.03. 0.06, 0.09, 0.15, 0.21 wt. %.The TiO2-MWCNTs 
paste was then tape casted on FTO glass substrate (2 mm,7Ω/seq, solaronix ). The coated 
glass substrate annealed at 450
o
C for 30 min. Other photoanodes were prepared via the 
same process. The thickness of each photoanode was found by using cross sectional 
images obtained from SEM (JEOL, 6610LV). The average thickness of each film was 22 
µm.  
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4.3.2. DSSCs Fabrication and characterization 
0.5 mM solution of N3 (Ruthenizer-535, solaronix) dye was prepared in methanol. The 
hybrid electrodes were soaked in the dye solution for 24 hours.  After sensitization, the 
samples were washed with alchol to eliminate unanchored dye. Then, DSSCs were 
fabricated employing the sensitized hybrid  anode, platinum deposited counter electrode 
(Plasticol T, solaronix), 60 μm sealing spacer (Meltonix 1170, solaronix) and I−/I3
−
 redox 
couple electrolyte prepared in methoxypropionitrile with a 50 mM redox concentration 
(Iodolyte Z-50, solaronix). 
The UV-Vis spectra of N3 in ethanol and adsorbed on TiO2 ﬁlms at glass substrates were 
recorded with an Ocean Optics ISS-UV/VIS spectrophotometer. Keithley 2400 Source 
Meter was used to measure the I−V characteristics of the DSSCs using IV-5 solar 
simulator (Sr #83, PVmeasurement, Inc) at AM1.5G (100 mWcm
− 2
).The silicon solar 
cell was used as a reference for calibration. The impedance spectroscopy (EIS) was 
measured in dark conditions of illumination via Bio-Logic SAS (VMP3, s/n:0373), with 
an AC signal of 20 mV in amplitude, in the frequency range between 10 mHz and 1MHz. 
The applied bias was between 0 mV and 800 mV above the Voc of the DSSC. 
4.4.Results and Discussion 
The dispersion of MWCNTs in TiO2 was ensured by TEM (JEOL, JEM-2100F) analysis. 
TiO2-MWCNT sample having 0.15% CNT was selected for  TEM analysis. It was 
difficult to obtain TEM images of dispersed MWCNTs in TiO2 from low concentration 
samples. Fig 4-1 (a) shows the anatase TiO2 nanoparticles, while, Fig 4-1 (b) shows that 
MWCNs randomly distributed in TiO2. The interface connection between MWCNTs and 
TiO2 can clearly be observed, indicating that TiO2 nanoparticles were well attached on 
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the surface of the MWCNTs. The diameter of the coated MWCNTs significantly 
increases and consequently the inner core of MWCNTs is hardly visible, shown in Fig 4-
1 (c, d). 
 
 
 
             
 
              
 
Fig 4-1: Transmission electron microscope images of a 0.15 % sample at various 
magnifications (a) Pure TiO2 b) Dispersion of MWCNTs in TiO2 c) Dispersion of single 
MWCNT in TiO2 at 100 nm and d) 50 nm 
 
a) b) 
c) d) 
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The HOMOs, LUMOs and band gap energies of photosensitizers play an important role 
in providing the thermodynamic driving force for the electron injection to conduction 
band of TiO2. For efficient charge transfer, the LUMOs of dyes must be more negative 
than the conduction band of the semiconductor while HOMO levels must be more 
positive than the redox potential of electrolyte.The simulated structures of N3, TiO2/N3 
and C-TiO2/N3 are shown in Fig 4-2. The simulated comduction band, valence band and 
band gap of TiO2 and C-TiO2 are shown in Table 4-1 (a), while HOMOs, LUMOs and 
band gap of photosensitizer are shown in table in Table 4-1 (b). These tabulated values 
are in good agreement with the experimental values [23,24]. The computed results show 
that the doping of MWCNTs (one of the allotropic form of carbon) on TiO2 significantly 
reduces the band gap of TiO2 cluster. This is because the  CNTs possess  lower value of 
ECB  (∼0 eV vs. NHE)  than that of TiO2 (−0.5 eV vs. NHE) [13], the charge equilibrium 
between CNTs and TiO2 would cause a shift of apparent Fermi level (EF) to more 
positive potential i.e. downward shift as shown in Fig 4-3. Moreover, the thermodynamic 
driving force for charge transfer (ΔGinject) is defined as the energy difference between the 
excited state of photosensitizer and the conduction band edge of metal oxide. The 
downward positive shift due to MWCNTs can generate significant driving force to 
facilitate the charge transfer from the excited dye to the conduction band of the 
photoanode. The simulated ΔGinject  value for C-TiO2/N3 is greater than TiO2/N3 , as 
indicated in Table 4-1(b). 
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Fig 4-2: Simulated structures of (a) N3, (b) TiO2/N3  and (c) C-TiO2/N3 
 
 
 
 
(a) 
(b
) 
(c) 
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Fig 4-3: incorporation of MWCNTs in TiO2 causes a shift of energy level (a) and 
enhance the electrical conductivity (b)   
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Table 4-1(a). Simulated electronic structure properties of TiO2 and carbon doped TiO2 
 
System ECB (eV) VB (eV) Band gap (eV) 
TiO2 -7.2 - 4.1 3.1 
C-TiO2 -7.2 -4.4 2.7 
 
Table 4-1 (b). Simulated electronic structure and optical properties of photosensitizer 
 
Sysm HOMO LUMO H-Lgap λmax ΔE Eox
dye
 Eox
dye
* ΔGinject A *LHE 
N3 -5.63 -3.67 1.96 542 2.29 5.63 3.34  0.9 87 
TiO2/N3    567 2.18   -0.76 1.65 97 
C-TiO2/N3    581 2.13   -1.06 2.10 99 
Units of HOMO, LUMO, H-Lgap , ΔE ,Eox
dye
 ,Eox
dye* and ΔGinject  are(eV) 
Unit of λmax is nm 
*LHE, corresponding to maximum A 
 
 
 
 
 
 
84 
 
The UV-vis absorption spectra of N3 in methanol and anchored to TiO2 and TiO2-
MWCNTs are shown in Fig 4-4(a). The two broad visible bands at 547 and 419 nm in N3 
are assigned to metal-to-ligand charge-transfer (MLCT) origin. The bands in the UV at 
322 nm are assigned as intra ligand (π-π*) charge-transfer transitions. However, the 
absorption shifts to lower energy values when anchored to TiO2 and TiO2-MWCNTs. 
This is due to the fact that on the electrode the carboxylate groups bind to the TiO2 
surface in which Ti 
4+
acts as proton. The interaction between the carboxylate group and 
the surface Ti
4+ions may lead to increased delocalization of the π* orbital.The energy of 
the π* level is decreased by this delocalization, which explains the red shift for the 
absorption spectra. But the TiO2-MWCNTs based photoanode has a greater red shift 
value as compared to pure TiO2. This is because the CNTs may exhibit photosensitizing 
properties, thus extending photovoltaic properties into the visible spectrum [25]. 
Similarly, the simulated absorption spectra of N3, N3-TiO2 and N3-TiO2-MWCNTs are 
shown in Fig 4-4b are in good agreement with the experimental spectra. Thus, the 
COSMO solvation model with SOAP function is appropriate for computing the 
absorption spectra of systems. 
The I–V curves of the DSSCs based on hybrid photoanodes are shown in Fig 4-5. While 
the device parameters, i.e. Jsc, Voc and FF are shown in Table 4-2. The DSSC with the 
highest efficiency is achieved in the case of 0.03%MWCNTs-TiO2 film and is 
characterized by photo conversion efficiency is as high as 0.85%, which presents about 
30 % increase with respect to pure TiO2 (0.65%). Insertion of MWCNTs in TiO2 network 
significantly enhances the efficiency of DSSC. This is because the incorporation of 
MWCNTs increases the surface area of hybrid anode and thus more dye loading.  
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Fig 4-4(a). UV-Vis spectra of N3, TiO2/N3 and CNTs-TiO2/N3 
 
 
 
Fig 4-4(b). Simulated UV-Vis spectra of N3, TiO2/N3 and CNTs-TiO2/N3 
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Moreover, the MWCNTs also improve the electron injection efficiency of the electrons 
due to increase positive potential (as described above). Simulation outcomes also favor 
these results. Table 4-1 (b) shows that absorptions (A) or oscillator strengths of N3, N3-
TiO2 and N3-TiO2-MWCNTs increase in the order of  N3-TiO2-MWCNTs > N3-TiO2> 
N3.Thus, LHE will be in the order of N3-TiO2-MWCNTs > N3-TiO2> N3. It 
demonstrates that higher the LHE greater will be the photo current and henec more 
efficiency.  However, the decline in Voc at increasing CNTs contents could be attributed 
to the downshift of the potential band edge of the TiO2. It can also be observed that 
increase in MWCNTs concentration from optimum level (0.03%) negatively affect the 
performance of DSSCs. This is because of  the decrease in film transparency owing to 
increase MWCNTs contents. Another possibility of low efficiency at a high MWCNTs 
concentration could be attributed to the formation of CNT agglomerates inside the TiO2 
matrix acting as trapping sites that obstruct the fast charge collection at the electrodes. 
Such a poor charge collection at theelectrode, together with enhanced light loss due to 
CNT direct absorption, strongly reduces the efficiency of DSSCs at high CNTs contents. 
Electrochemical impedance spectroscopy (EIS) analysis is performed to further elucidate 
the photovoltaic properties. Figure 4-6(a) shows the Nyquist plots of DSSCs which were 
assembled with TiO2-N3 and 0.03%MWCNTS-TiO2-N3. The large semicircle represents 
the interfacial charge transfer resistances (R3) at the photoanode/electrolyte interface. The 
R3 is related to the charge recombination rate, e.g., a smaller R3 indicates a faster charge 
recombination.The R3 value for DSSC assembled with pure TiO2 is smaller than that of 
0.03%MWCNTs-TiO2 DSSC as shown in Fig 4-6 (a), proposing charge recombination is 
greatly reduced owing to the incorporation of CNTs. However, the CNTs concentration  
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Fig 4-5. Current − voltage curves of DSSCs fabricated using different concentrations of 
CNTs 
 
Table 4-2. Photovolatic properties of DSSCs based on hybrid anodes 
No Anode structure jsc (mA/cm
2
) Voc (mV) FF(%) η (%) 
1 TiO2 2.651 617 33 0.64 
2 TiO2 +0.03%MWCNT 4.415 730 27 0.85 
3 TiO2 +0.06%MWCNT 3.715 686 31 0.78 
4 TiO2 +0.09%MWCNT 3.652 679 34 0.83 
5 TiO2 +0.15%MWCNT 1.974 569 32 0.37 
6 TiO2 +0.21%MWCNT 1.475 506 31 0.23 
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Fig 4-6. a) EIS investigation of the modified and unmodified DSSCs and b) The 
equivalent circuit model of DSSC in which R1: Serial resistance of FTO glass. C1//R2 : 
Impedance at Pt/electrolyte interface and C2//R3: Impedance at TiO2/dye/electrolyte 
interface. 
 
Table 4-3. The resistances and capacitance values of DSSC based on TiO2 and TiO2-
MWCNTs 
 
Photo anode R1(Ω)        C1 (mF)        R2 (Ω)           C2 (mF)           R3 (Ω) 
TiO2 20.62           20 6.235                 0.57            37.15 
TiO2-0.03%MWCNT         21 23 8.023                 0.45            44.65 
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 greater than 0.03 wt.% leads to the smaller values of R3 due to  a shorter electron lifetime 
of the order of few tens of mili seconds [14].  Figure 4-6 (b) shows the equivalent circuit 
model of DSSCs. The equivalent circuit model can describe the junction impedance, and 
the EIS measurement system can compute the value of junction impedance. Table 3-3 
shows all the values of the equivalent circuit model. 
Regardless of the PCE gains a significant enhancement when 0.03 wt.% CNTs is 
dispersed into the TiO2 paste, the absolute value (0.84%) is exceptionally lower than the 
highest efficiency hitherto achieved (∼12%) [5]. The reason is that the photoanode film is 
too thick (22µm). For an effective charge collection, the film thickness should be less 
than the electron diﬀusion length [26]. The reported diffusion length of electrons in TiO2 
film is about 9–11 µm based on electron transport studies [27–29]. A thick photoanode 
results in a long electron diffusion distance to the FTO substrate (electrode) which 
increases the probability of recombination and thus degrades the efficiencies [30]. 
4.5.Conclusion 
In conclusion, we established that the dispersion of small of MWCNTs in TiO2 can 
significantly improve the photo conversion efficiency of DSSCs. Optimum concentration 
(0.03%) of CNTs does not aﬀect the transparency of the TiO2 layer, while signiﬁcantly 
increasing charge collection at the photoanode. The enhancement of electron lifetime, 
dye loading and the reduction of recombination phenomena lead to an increase in PCE of 
the DSSCs, with a maximum value of 0.84% (corresponding to the addition of 0.030 wt 
% MWCNTs). Here, our simulation outcomes using DFT/TD-DFT also support the 
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experimental result. Hence, we presented a fast, cheap, and an eﬀective means to increase 
the PCE of DSSCs. 
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Abstract 
Co-sensitization of two or more dyes on hybrid TiO2- MWCNTs photoanode is an 
effective approach to enhance the performance of a dye-sensitized solar cell (DSSC). In 
this work, N719 sensitizer is co-sensitized with N3. The co-sensitized device showed 
enhanced VOC and JSC in comparison to single-dye sensitized devices. Upon optimization, 
the device made of the 0.1Mm N3 + 0.4mM N719 yielded JSC = 12.5 mA cm
-2
, Voc 
=0.73V, FF= 0.45 and η = 4.1 %.This performance is superior to that of either of the 
individual DSSCs sensitized with N3 (3.69%) and N719 (3.51 %) under the same 
conditions of fabrication. The efficiency of DSSCs  was further improved to 4.46% by 
the incorporation of MWCNTs in TiO2. The hybrid TiO2/MWCNTs photoanodes with 
different concentrations of CNTs (0.04. 0.08, 0.12, 0.16 wt. %) were prepared using 
mixing technique. The optimized molar ratio of N3/N719 was used for the sensitization 
of hybrid photonodes. Density functional theory (DFT) was used to compute the band 
gaps of TiO2 and C-TiO2 clusters . 
Keywords: Hybrid, multi-walled carbon nanotubes, co-sensitization, density functional 
theory 
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5.1.Introduction 
Energy is the driving force for development, economic growth, automation, and 
modernization. Energy usage and demand are increasing globally and researchers have 
taken this seriously to fulﬁll future energy demands 1,2. At present global energy sources 
are mainly dependent on fossil fuels and the use of fossil fuel is the main reason for 
global increases of CO2 amount
3
 . According to global carbon emissions sources 
4
, 
carbon dioxide emissions from coal, oil, natural gas, cement, and gas ﬂaring were 43%, 
33%, 18%, 5.3%, and 0.6%, respectively in 2012. Emissions of greenhouse gases grew 
2.2% per year between 2000 and 2010, compared with 1.3% per year from 1970 to 2000 
5
. The world is not capable of absorbing large amounts of CO2 at the rate it is produced 
by fossil fuels. As a result, increasing the volume of CO2 in the environment has 
increased global warming and further climate change. Global warming and climate 
changes are challenging all over the world. The use of renewable energy provides 
beneﬁts that reduce emissions of air pollutants as well as greenhouse gases .Therefore, 
alternative sources of energy are needed so that mankind can survive on the Earth without 
depending on fossil fuels . Solar energy is one of the renewable energy sources that will 
contribute to the security of future energy supplies 
6,7
. Solar radiation from the sun is 
approximately 3×10
24 
J per year, which is ten times the current energy demands 
8
.  Light 
from the sun can be harvested by dye-sensitized solar cells (DSSCs). DSSCs have 
attracted considerable attention due to an ideal compromise between eﬃciency and cost-
performance 
9–11
.The major component of the DSSCs is a dye. Its function is to absorb 
incoming sunlight and produce excitons. It is chemically bonded to the porous surface of 
the semiconductor.  
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However, the traditional dyes generally used in DSSCs suﬀer from narrow absorption 
spectra and/or low  absorption intensity and therefore low efficiency of DSSCs 
10
. To 
achieve higher cell efﬁciency, a certain sensitizer is needed so as to absorb incident light 
as much as possible., Currently, there is no single organic sensitizer which provides 
strong absorption in a wide range of wavelengths (400-900 nm) 
12
. Therefore, the co - 
sensitization strategy is applied to the organic dyes with complementary absorption 
spectra to obtain a broader and a more intense absorption band, thus increasing the 
performance of the DSSC 
13–15
. Many  co-sensitization  systems  have  been proposed  
and  demonstrated  improved  photovoltaic  performance,  such  as  ruthenium  complex  
co-sensitized  with  an organic dye 
16–18
, porphyrin
19–21
 or phtalocyanine 
22–24
 co-
sensitized with an organic dye, and organic dye co-sensitized with  another  organic  dye 
25,26
. Another major cause of low efficiency of DSSCs is the recombination of injected 
electrons with the electrolyte (dark current) 
27
. The incorporation of CNTs in TiO2 ﬁlms 
may improve the electron transport in DSSCs 
28–30
, owing to the creation of complex 
interpenetrating networks and favorable electrical conductivity 
31,32
. It is supposed that 
one-dimensional carbon nanostructures allow the photocurrent to ﬂow more efﬁciently in 
DSSCs by increasing orientation orders. 
In this work both approaches (co-sensitization and hybrid anode) were used 
simultaneously to improve the efficiency of DSSCs. Here, we also employed DFT and 
TD-DFT to find the band gaps and UV-Vis spectra of systems.  It is an effective tool as 
compared to other high level quantum approaches because the computed orbitals are 
suitable for the typical MO-theoretical analyses and interpretations 
33
. 
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5.2.Computer simulations of TiO2 and C-TiO2 
All the DFT/TD-DFT calculations were executed using Amsterdam Density Functional 
(ADF) program (2013.01). BAND mode was used to simulate the anatase TiO2 clusters. 
The tetragonal anatase crystal structure was selected with single layer (001) surface slab. 
Then, we created 4×1 super cell from this slab. All atoms were mapped within the unit 
cell. Then, TiO2 and carbon doped TiO2 models were simulated by considering 
generalized gradient approximation (GAD) at Becke parameter, Lee-Yang-Parr (BYLP) 
level and triple-ζ polarization basis function. In all the calculations, the relativistic eﬀects 
were taken into account by the zero order regular approximation (ZORA) Hamiltonian in 
its scalar approximation.  
5.3.Experimentation 
Seven different samples of  N3 ,N719 and N3 + N719  i.e. 0.5mM N3, 0.4mM N3 +0.1 
mM N719, 0.3mM N3 +0.2 mM N719, 0.25mM N3 +0.25 mM N719, 0.2mM N3 +0.3 
mM N719, 0.1mM N3 +0.4 mM N719 and 0.5mM N719 were prepared in methanol. 
DSSCs (TiO2 based) were first fabricated (in open atmosphere) using these co-
sensitization systems and then characterized to find the best system. The best co-
sensitization system was then employed in hybrid TiO2-MWCNTs based DSSCs to 
further improve the efficiency/performance. 
5.3.1. Preparation of composite anodes 
A suspension of ethanol and MWCNTs was prepared by dissolving 30 mg of MWCNTs 
(OD 10-20µm, purity > 95%, Ash <1.5%) in 25 ml ethanol. It was then sonicated for 4hr 
to attain a good dispersion of MWNTs in ethanol. An exact quantity of dispersed 
MWCNTs was mixed with known amount of anatase TiO2 paste (T/SP 14451, Solaronix) 
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to obtain a composite paste. Five different samples of TiO2-MWCNTs were prepared by 
varying the composition of MWCNTs i.e. 0, 0.04. 0.08, 0.12, 0.16wt. %. The TiO2-
MWCNTs paste was then tape casted on FTO glass substrate (2 mm, 7Ω/seq, Solaronix). 
The coated glass substrate was annealed at 450
o
C for 30 min. Other photoanodes were 
prepared following the same procedure. The thickness of each photoanode was found by 
using cross sectional images obtained from SEM (JEOL, 6610LV). The average 
thickness of each film was 22 µm.  
5.3.2. Fabrication of DSSCs 
TiO2 and TiO2-MWCNTs electrodes were soaked in the dye solutions for 24 hours.  After 
sensitization, the samples were washed with ethanol to eliminate unanchored dye. Then, 
DSSCs were fabricated employing the sensitized anode (TiO2, MWCNTs-TiO2), 
platinum deposited counter electrode (Plasticol T, Solaronix), 60 μm sealing spacer 
(Meltonix 1170, Solaronix) and I
−
/I3
−
 redox couple electrolyte prepared in 
methoxypropionitrile with a 50 mM redox concentration (Iodolyte Z-50, Solaronix). The 
active surface area of the solar cell was 0.35 cm
2
. 
5.3.3. Characterization of DSSCs 
The UV-Vis spectra of dye solutions in methanol and adsorbed on TiO2  and MWCNTs-
TiO2 ﬁlms at glass substrates were recorded with JASCO-670 UV/VIS 
spectrophotometer. Keithley 2400 Source Meter was used to measure the I−V 
characteristics of the DSSCs using IV-5 solar simulator (Sr #83, PV Measurement, Inc) at 
AM1.5G (100 mWcm
− 2
). The silicon solar cell was used as a reference for calibration. 
The impedance spectroscopy (EIS) was measured in dark conditions of illumination via 
100 
 
Bio-Logic SAS (VMP3, s/n:0373), with an AC signal of 10 mV in amplitude, in the 
frequency range between 10 Hz and 1MHz. The applied bias was between 0 and 750 mV 
above the Voc of the DSSC. 
5.4.Results and Discussion 
5.4.1. Morphological properties of composite anode 
The dispersion of MWCNTs in TiO2 was observed by TEM (JEOL, JEM-2100F) 
analysis. TiO2-MWCNT sample having 0.16% CNT was selected for TEM analysis, 
because it was difficult to obtain TEM images of dispersed MWCNTs in TiO2 from low 
concentration samples. Fig 5-1 (b) shows that the CNTs are well dispersed in TiO2, 
although a few tangles can be observed due to the length of the MWCNTs. The interface 
connection between MWCNTs and TiO2 can clearly be observed, indicating that TiO2 
possesses good affinity with MWCNTs. The inner core is hardly visible, because the 
surface of MWCNT is well decorated with TiO2 nanoparticles as shown in Fig 5-1 (c). 
5.4.2. Electrochemical properties 
The HOMOs, LUMOs and band gap energies of photosensitizers play an important role 
in providing the thermodynamic driving force for the electron injection to the conduction 
band of TiO2. For efficient charge transfer, the LUMOs of dyes must be more negative 
than the conduction band of the semiconductor while HOMO levels must be more 
positive than the redox potential of electrolyte. The simulated structures of TiO2 and C-
TiO2 are shown in Fig 5-2. The simulated conduction band, valence band and band gap of 
TiO2 and C-TiO2 are shown in Table 5-1. These tabulated values are in good agreement 
with the experimental values 
34
. The computed results show that doping of MWCNTs 
(one of the allotropic form of carbon) on TiO2 significantly reduces the band gap of TiO2  
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Fig 5-1: TEM images of a 0.16 % sample (a) Pure TiO2 b) Dispersion of MWCNTs in 
TiO2 and  c) Dispersion of single MWCNT in TiO2 
 
(a) 
(b)
) 
(c)
) 
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Fig 5-2: Simulated structures of TiO2 (a) and CNT doped TiO2 
 
 
Table 5-1: Simulated electronic structure properties of TiO2 and carbon doped TiO2 
System ECB (eV) VB (eV) Band gap (eV) 
TiO2 -7.2 - 4.10 3.1 
C-TiO2 -7.2 -4. 30 2.9 
 
 
 
 
 
 
 
(a) 
(b) 
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cluster. This is because the  CNTs possess  the lower value of the ECB  (∼0 EV vs. NHE)  
than that of TiO2 (−0.5 eV vs. NHE) 
29
. The charge equilibrium between CNTs and TiO2 
would cause a shift of apparent Fermi level to more positive potential i.e.downward 
potential. The downward positive shift due to MWCNTs (carbon, in the case of 
simulation) can cause a significant driving force to expedite the charge transport from the 
dye to the photoanode. 
5.4.3. Optical properties 
UV-Vis spectra of N719, N3 and N719+N3 are shown in Fig 5-4 (a). N3 and N719 share 
similar absorption spectra as well as molecular structures. The broad visible peaks at 528, 
526 and 382, 384 nm  in N719 and N3 respectively, are assigned to metal-to-ligand 
charge transfer (MLCT) origin. The bands in the UV at 314,312 nm are assigned as intra 
ligand (π-π*) charge-transfer transitions. High absorption is observed for overall 
wavelengths in the absorption spectrum of 0.1mM N3 + 0.4mM N719 due to the 
synergistic effect of the two dyes. But less pronounced enhancement in the absorption 
peak hight indicates lower probability of hydrogen bond formation between the two dyes  
. However, the absorption spectrum of 0.1mM N3 + 0.4mM N719 shifts to lower energy 
values when anchored to TiO2, shown in Fig 5-4 (b). It is due to the binding of  the 
carboxylate groups  (from both dyes) to the TiO2 surface in which Ti 
4+
acts as proton . 
The interaction between the carboxylate groups and the surface Ti
4+
ions may lead to 
increased delocalization of the π* orbital. The energy of the π* level is decreased by this 
delocalization, which explains the red shift for the absorption spectrum. Moreover, the 
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Fig 5-3 :(a) UV-Vis spectra of a) pure dyes in solvent b) Dyes anchored to TiO2 film and 
c) dye anchored to MWCNTs-TiO2 hybrid composite film. 
 
(a) 
(b) 
(c) 
 
 (b) 
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absorption spectrum of TiO2/N3+N719 is more intense and broader as compared to 
individual dyes anchored to TiO2. It means that the proposed co-sensitized thin ﬁlms can 
absorb more photons than the individual sensitized TiO2 films. Similarly, the co-
sensitized based MWCNTs-TiO2 thin films show high absorption as compared to TiO2 
co-sensitized film, shown in Fig5-4(c). This is because the CNTs may exhibit 
photosensitizing properties, thus extending photovoltaic properties into the visible 
spectrum 
35
. However, the further increase in CNTs contents from an optimum level 
(0.04%) decreases the absorption of co-sensitized films (0.08% and 0.12%) due to 
diminution in film transparency. 
5.4.4. Photovoltaic performance  
Fig 5-4 (a) shows the current-voltage (I-V) characteristics of the TiO2 based DSSCs, 
sensitized/co-sensitized by N719,N3 and N3+N719. While Fig 5-4 (b) shows the (I-V) 
characteristics of the hybrid photoanode MWCNTs-TiO2 based DSSCs, co-sensitized by 
0.1mM N3+0.4mM N719. The photovoltaic parameters of DSSCs, i.e. Jsc, Voc and FF are 
shown in Table 2. Under a standard AM 1.5G simulated sunlight irradiation, the N719 
sensitized DSSC gave a  Jsc of 11.31 mA·cm
−2
, a  Voc of 739 mV, and a  FF  of 41.98%, 
resulted in an  efficiency  of 3.51%. Moreover, the N3 sensitized DSSC yielded a  Jsc of 
12 mA·cm
−2
, a  Voc of 741 mV, a  FF  of 42%, and a  efficiency of 3.7%. Encouragingly, 
compared with the devices sensitized by  N3  or  N719  alone,  the  co-sensitized  
(N3+N719) DSSC  exhibited  a  significantly  improved  efficiency   of  4.10%. The 
improvement in the efficiency is mainly due to the enhancement of the JSC values (14.2 
mA·cm
-2
), which are highly related to the range and the intensity of the absorption 
spectrum. The overall efficiency of DSSCs  was further improved to 4.46% by the  
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Fig 5-4: Current − voltage characteristics of DSSCs fabricated using  a) TiO2 and b) 
MWCNTs-TiO2. 
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Table 5-2 :Photovolatic properties of DSSCs 
DSSCs jsc (mA/cm
2
) Voc (mV) FF(%) η (%) 
TiO2/0.5mM N719 11.312 739 42.00 3.51 
TiO2/0.5mM N3 11.970 741 41.77 3.69 
TiO2/0.4mM N719+ 0.1mM N3 12.500 727 45.30 4.10 
TiO2/0.3mM N719+ 0.2mM N3 13.700 742 39.70 4.00 
TiO2/0.25mM N719+ 0.25mM N3 12.219 750 41.65 3.81 
TiO2/0.2mM N719+ 0.3mM N3 12.731 760 40.50 3.90 
TiO2/0.1mM N719+ 0.4mM N3 12.801 744 38.30 3.65 
0.04%CNTS-TiO2/0.4mM N719+ 0.1mM 
N3        
15.331 741 39.25 4.46 
0.08%CNTS-TiO2/0.4mM N719+ 0.1mM 
N3 
15.059 734 38.10 4.21 
0.12%CNTS-TiO2/0.4mM N719+ 0.1mM 
N3           
14.700 731 38.25 4.12 
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Incorporation of  MWCNTs in TiO2. Insertion of MWCNTs in TiO2 network significantly 
enhances the efficiency of DSSC. This is because the incorporation of MWCNTs : a) 
increases the surface area of hybrid anode and thus more dye loading, b) enhances  light 
harvesting efficiency and thus  more photo current and henec more efficiency and c)  
improve the electron injection efficiency of the electrons due to increase positive 
potential (as described above in sec 5-4.2). The  little decline in Voc at increasing CNTs 
contents could be attributed to the downshift of the potential band edge of the TiO2. 
However an increase in MWCNTs concentration from an optimum level (0.04%) 
negatively affects the performance of DSSCs owing to decrease in film transparency. 
Another possibility of low efficiency at a high MWCNTs concentration could be 
attributed to the formation of CNT agglomerates inside the TiO2 matrix acting as trapping 
sites that obstruct the fast charge collection at the electrodes. Therefore, the poor charge 
collection at the photoanode and light losses due to CNT direct absorption, diminish the 
efficiency of DSSCs at high CNTs contents. 
5.4.5. Electrochemical impedance spectroscopy (EIS) analysis 
EIS analysis is performed to further elucidate the photovoltaic properties. Fig 5-5 shows 
the Nyquist plot of DSSCs which were assembled with N719,N3, 0.1mM N3 + 0.4mM 
N719 and hybrid CNTs-TiO2 co-sensitized. Generally, a normal impedance spectra of 
DSSCs is represented by three arcs (semicircles). The first semicircle represents the inter 
face resistance of electrons at counter electrode/electrolyte (R1), second signifies  the 
interface resistance at the photoanode / electrolyte (R2), and the third indicates the 
diffusion process of I
−
/I3
−
 redox couple in electrolyte (Zw) 
36,37
. Only second arc comes 
out in the Nyquist plot in the Fig 5-5. It is probable that the other two arcs corresponding  
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Fig 5-5 :EIS investigation of TiO2 and TiO2-MWCNTs based DSSCs 
 
 
110 
 
to R1 and Zw are overshadowed by large semicircle reprenting R2  
38,39
. The R2 is related 
to the charge recombination rate, e.g., a smaller R2 indicates a faster charge 
recombination. It can be clearly seen in Fig 5-5 that the radius of the semicircle for 
0.1mM N3+0.4mM N719 based DSSC is greater than the based on the  single dye and 
therefore possess high electron life time. The longer electron lifetime for DSSC based on 
cosensitization may be either due to a higher surface coverage of dye on the TiO2 surface 
after cosensitization that block the approach of 𝐼3
− to the free TiO2 surface and decrease 
the recombination of injected electron with 𝐼3
− ions, or due to the less aggregation of 
individual dyes in cosensitized conditions that improves the electron injections. 
Reduction in charge recombination and electron life time were further improved by the 
incorporation of MWCNTs in TiO2. The R2 value for TiO2/0.1Mm N3 + 0.4mM N719 is 
smaller than that of 0.04% MWCNTs-TiO2/0.1Mm N3 + 0.4mM N719  DSSC, proposing 
charge recombination is greatly reduced owing by incorporation of CNTs. However, the 
CNTs concentration  greater than 0.04 wt.% will lead to the smaller values of R3 due to  a 
shorter electron lifetime of electrons 
30
. 
5.5.Conclusion 
The mixed solution of N719 and N3 in methanol was used for the co-sensitization of the 
photoanodes of DSSCs. The absorption spectrum of the co-sensitized TiO2 ﬁlms becomes 
more intense and broader than the absorption spectra of the individual N719 and N3 dyes. 
The results indicate that the power conversion efficiency of DSSC based on 
0.4N719+0.1N3 is 17% and 11% higher than based on the individual dyes N719 and N3 
respectively. Moreover, the cell efﬁciency of the DSSC with a molar ratio of N3/N719 = 
0.1/0.4 was further improved to 4.46% by the incorporation of MWCNTs in TiO2. 
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Optimum concentration (0.04%) of CNTs in photoanode does not aﬀect the transparency 
of TiO2 layer, while signiﬁcantly increases the PCE of DSSC. Thus, we established a fast 
and highly eﬀective technique to enhance the light conversion eﬃciency of DSSCs. 
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Abstract 
Composite photoanodes for dye sensitized solar cells (DSSCs) were prepared by simple 
addition of graphene (GR) micro-platelets to TiO2 nanoparticulate paste. Transmission 
electron microscopy (TEM) was used to confirm the presence of graphene in composite 
films after heating at 450 C for 30 minutes. TiO2/graphene based DSSCs with different 
concentrations of gaphene (0, 0.03. 0.06, 0.09, 0.15, 0.21 wt. %) were fabricated using 
N749 photosensitizer. The UV-Visible absorption spectroscopy, photocurrent–voltage (I–
V) characteristic and electrochemical impedance spectroscopy (EIS) measurements were 
carried out to characterize the cells. The results indicate that graphene/TiO2 photoanode 
improves the performance of  of solar cell. This is because the graphene/titania electrode 
accelerates electronic transportation and suppresses the charge recombination. Under an 
optimal conditions, solar cell based on graphene/TiO2 shows power conversion 
efficiency (PCE) of 4.1 %, which is about 30% greater than the cell based on pristine 
TiO2 electrode (3.16%). The objective of this study is to develop a fast, cheap, and an 
eﬀective means to increase the photo conversion efficiency (PCE) of DSSCs. 
Keywords: Nanocomposite photoanodes, dye sensitized solar cell, graphene, Titania, 
power conversion efficiency. 
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6.1.Introduction 
The use of renewable energy provides beneﬁts that reduce emissions of air pollutants as 
well as greenhouse gases. Therefore, alternative sources of energy are needed so that 
mankind can survive on the Earth without depending on fossil fuels. Solar energy is one 
of the renewable energy sources that will contribute to the security of future energy 
supplies [1,2] Solar radiation from the sun is approximately 3×10
24 
J per year, which is 
ten times the current energy demands [3]. Light from the sun can be harvested by dye-
sensitized solar cells (DSSCs).DSSCs have attracted considerable attention during the 
last decade due to an ideal compromise between eﬃciency and cost-performance [4–6]. 
DSSCs comprise of a sensitized semiconductor (Photoelectrode) and a catalytic electrode 
(counter electrode) with an electrolyte sandwiched between them.The major component 
of the DSSCs is a dye. Its function is to absorb incoming sunlight and produce excitons. 
It is chemically bonded to the porous surface of a metal oxide semiconductor. So far, 
polypyridyl ruthenium sensitizers based solar cells have attained up to 11% conversion 
efficiency [7–9] . But it is still low for commercial applications. 
The major cause of low efficiency of DSSCs is the recombination of injected electrons 
(from the dye to the conduction band of the semiconductor) with the electrolyte (dark 
current) [10,11]. Photoanode of DSSCs plays an important role in the separation and 
transportation of electrons. Carbon-based materials CNTs) [12–14] and more recently  
graphene [15,16] have been proposed as an additive material for TiO2 photoanode to 
increase the electron mobility, owing to their outstanding electronic properties. But the 
enhancement of PCE due to CNTs is limited by poor contact between CNTs and TiO2 
[17]. Two dimenssional Graphene nano carbon material was also introduced to prepare 
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the hybrid film. It has an excellent mobility of charge carrier (200 000 cm
2
 V
-1
 s
-1
) [18] 
and large specific surface area (2630 m
2
/g) [19]. Jihuai Wu et al [17] introduced graphene 
into TiO2 by one step hydrothermal reaction and reported a 17.7 % increase in PCE of 
DSSC. Tang et al [20] embedded graphene sheets in TiO2 paste via molecular grafting 
and  showed 1.68%  efficiency, which is five times higher than that without graphene 
(0.32%). Sun et al [21] fabricated graphene/TiO2 nanocomposites electrode through 
heterogeneous coagulation method and reported 4.28% efficiency, which is 59% greater 
than that without graphene.  However the efficiency of these cells is still lower; and the 
fabrication method of graphing/TiO2 nanocompostie is relatively complex. Here, we 
presented a fast, cheap, and one-step process to prepare the graphene/TiO2 photoanode. It 
is expected that the incorporation of graphene in photanode may enhance the PCE of 
DSSCs by reducing the charge recombination . 
6.2.Computer simulations  
The objective of the simulation is just to see the effect of carbon based materials on the 
band gap of TiO2. All the DFT calculations were executed using Amsterdam Density 
Functional (ADF) program (2013.01). BAND mode was used to simulate the anatase 
TiO2 clusters. The tetragonal anatase crystal structure was selected with single layer 
(001) surface slab. Then, we created 4×1 super cell from this slab. All atoms were 
mapped within the unit cell. Graphene is an allotrope of carbon in the form of a two-
dimensional sheet. It is impossible to dope the 2D grapahne sheet on TiO2 cluster in the 
ADF environment. Therefore, we only doped the single carbon atom on TiO2 cluster to 
find/simulate a band gap of C-TiO2. TiO2 and carbon doped TiO2 models were simulated 
by considering hybrid Becke parameter, Lee-Yang-Parr (B1YLP) level and triple-ζ 
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polarization basis function. In all the calculations, the relativistic eﬀects were taken into 
account by the zero order regular approximation (ZORA) Hamiltonian in its scalar 
approximation.  
6.3.Experimental 
 
6.3.1. Preparation of composite anodes 
A suspension of ethanol and graphene was prepared by dissolving 15 mg of graphenein 
20 ml ethanol. It was then sonicated for 5hr to attain a good dispersion of graphene in 
ethanol. An exact quantity of dispersed graphene was mixed with known amount of 
anatase TiO2 paste (T/SP 14451, Solaronix) to obtain a composite paste. Five different 
samples of TiO2-graphene were prepared by varying the composition of graphenes i.e. 0, 
0.03. 0.06, 0.09, 0.12, 0.15 wt. %. The composite paste paste was then tape casted on 
FTO glass substrate (2 mm,7Ω/seq, Solaronix ). The coated glass substrate annealed at 
450
o
C for 30 min. Other photoanodes were prepared following the same procedure. The 
thickness of each photoanode was found by using cross sectional images obtained from 
SEM (JEOL, 6610LV). The average thickness of each film was 20 µm. 
6.3.2. Fabrication of DSSCs 
A 0.5 mM solution of N749 was prepared in methanol. The composite electrodes were 
soaked in the dye solution for 24 hours.  After sensitization, the samples were washed 
with ethanol to eliminate unanchored dye. Then, DSSCs were fabricated employing the 
sensitized hybrid  anode, platinum deposited counter electrode (Plasticol T, Solaronix), 
60 μm sealing spacer (Meltonix 1170, Solaronix) and I−/I3
−
 redox couple electrolyte 
prepared in methoxypropionitrile with a 50 mM redox concentration (Iodolyte Z-50, 
Solaronix). 
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6.3.3. Characterization of DSSCs 
The visible spectra of N719 in methanol and adsorbed on TiO2 ﬁlms at glass substrates 
were recorded with JASCO-670 UV/VIS spectrophotometer. Keithley 2400 Source Meter 
was used to measure the I−V characteristics of the DSSCs using IV-5 solar simulator (Sr 
#83, PV Measurement, Inc) at AM1.5G (100 mWcm
− 2
). The silicon solar cell was used 
as a reference for calibration. The impedance spectroscopy (EIS) was measured in dark 
conditions of illumination via Bio-Logic SAS (VMP3, s/n:0373), with an AC signal of 10 
mV in amplitude, in the frequency range between 10 mHz and 1MHz. 
6.4.Results and Discussion 
 
6.4.1. Morphological properties of composite anode 
The dispersion of graphene in TiO2 was observed by TEM (JEOL, JEM-2100F) analysis. 
TiO2-graphene sample having 0.15% graphene was selected for TEM analysis, because it 
was difficult to obtain TEM images (of dispersed graphene in TiO2) from low 
concentration samples.Fig 6-1(a) shows the TEM image of  titania. Fig 6-1 (b) clearly 
demonstrates the crystalline nature of the graphene sheet. HRTEM was used to measure 
the graphene layer spacing in its crystalline lattice. The lattice spacing in graphene 
prepared by our method is 0.348 nm. While, Fig 6-1(c) shows the naanocomposit of 
Graphen-TiO2. Fig 6-1(c) also shows that graphene nanosheets tend to congregate 
together to form multilayer agglomerates. 
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Fig 6-1:TEM images of a) TiO2 nanoparticles b) lattice spacing in graphene and c) TiO2-
Graphene nanocomposites 
Graphene sheet 
 d= 0.348nm 
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The dispersion of graphene in TiO2 was observed by TEM (JEOL, JEM-2100F) analysis. 
TiO2-graphene sample having 0.15% graphene was selected for TEM analysis, because it 
was difficult to obtain TEM images (of dispersed graphene in TiO2) from low 
concentration samples.Fig -1(a) shows the TEM image of  titania. Fig 6-1 (b) clearly 
demonstrates the crystalline nature of the graphene sheet. HRTEM was used to measure 
the graphene layer spacing in its crystalline lattice. The lattice spacing in graphene 
prepared by our method is 0.348 nm. While, Fig 6-1(c) shows the naanocomposit of 
Graphen-TiO2. Fig 6-1(c) also shows that graphene nanosheets tend to congregate 
together to form multilayer agglomerates. 
6.4.2. Effect of graphene on the band gap of TiO2 
The HOMOs, LUMOs and band gap energies of photosensitizers play a vital role in 
providing the driving force for the electron injection to conduction band of TiO2. For 
efficient charge transfer, the LUMOs of dyes must be more negative than the conduction 
band of the semiconductor while HOMO levels must be more positive than the redox 
potential of electrolyte. We used a DFT technique to find the band gap of TiO2 and C-
TiO2. The simulated structures of TiO2 and C-TiO2 are shown in Fig 6-2. While, the 
simulated conduction band, valence band and band gap of TiO2 and C-TiO2 are shown in 
Table-1. The computed results show that impregnation of graphene (one of the allotropic 
form of carbon) on TiO2 significantly reduces the band gap of TiO2 cluster. This is 
because the  graphene possesses  the lower value of the ECB  (∼0 EV vs. NHE) [22] than 
that of the titania (−0. 5 eV vs. NHE) [23]. The charge equilibrium between graphene and 
TiO2 would cause a shift of apparent Fermi level (EF) to more positive potential.  
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Fig 6-2. Simulated structures of a) TiO2 and b) graphene doped TiO2 
 
Table 6-1: Simulated electronic structure properties of TiO2 and carbon doped TiO2 
System ECB (eV) VB (eV) Band gap (eV) 
TiO2 -7.2 - 4.10 3.1 
C-TiO2 -7.2 -4. 30 2.9 
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Moreover, the downward positive shift due to graphene can cause a significant driving 
force to expedite the electron transport from the sensitizer to the photoanode. 
6.4.3. Photophysical properties 
The visible spectra of N749 in methanol and anchored to TiO2 and TiO2-graphene, are 
shown in Fig 6-4 (a) and 4 (b) respectively. The two broad visible bands at 608 and 415 
nm in N749 are assigned to metal-to-ligand charge-transfer (MLCT) origin. The bands in 
the UV at 322 nm are assigned as intra ligand (π-π*) charge-transfer transitions. 
However, the absorption shifts to lower energy values when anchored to TiO2 and TiO2-
graphene. This is due to the fact that on the electrode the carboxylate groups bind to the 
TiO2 surface in which Ti 
4+
acts as proton. The interaction between the carboxylate group 
and the surface Ti
4+ions may lead to increased delocalization of the π* orbital.The energy 
of the π* level is decreased by this delocalization, which explains the red shift for the 
absorption spectra. But the TiO2-graphene based photoanode has a greater red shift value 
as compared to pure TiO2. This is because the graphene may exhibit photosensitizing 
properties, thus extending photovoltaic properties into the visible spectrum [24][25]. 
6.4.4. Photovoltaic properties of DSSCs based composite anode 
Hybrid graphene/ TiO2 based DSSCs were prepared with an effective area of 0.35 cm
2
. 
The photovoltaic parameters, short-circuit current density (Jsc), open circuit voltage 
(Voc), ﬁll factor (FF), and photovoltaic conversion efﬁciency (η), are summarized in 
Table 2 and the corresponding I-Vcurves are showed in Fig 4. The DSSC with the highest 
efficiency is achieved in the case of 0.09%MWCNTs-TiO2,which is about  30 % greater 
than the unmodified TiO2 (3.16). This is because the incorporation of graphene increases 
the surface area of hybrid anode and thus more dye loading. However, the little decline in  
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                                   Fig 6-3 (a). UV-Vis spectra of N749 in methanol 
 
 
Fig 6-3 (b). UV-Vis spectra of TiO2/N749 and 0.09%GR+TiO2/N749 
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Voc at increasing graphene contents could be attributed to the downshift of the potential 
band edge of the TiO2 conduction band. It can also be observed that increase in graphene 
concentration from optimum level (0.09%) negatively affects the performance of DSSCs. 
This is because of  the decrease in film transparency owing to increase graphene contents. 
Another possibility of low efficiency at a high graphene concentration could be attributed 
to the formation of graphene agglomerates inside the TiO2 matrix acting as trapping sites 
that obstruct the fast charge collection at the electrodes. The less charge collection 
together with light loss owing to graphene direct absorption, strongly declines the 
efficiency of DSSCs at high graphene contents. 
 
Table 6-2 :Photovolatic properties of DSSCs 
DSSCs jsc (mA/cm
2
) Voc (mV) FF(%) η (%) 
   Pure TiO2 10.310 703.994 43.50 3.16 
0.03%GR+TiO2 12.089 705.088 42.31 3.61 
0.06%GR+TiO2 14.181 706.786 38.84 3.89 
0.09%GR+TiO2 13.037 705.022 43.90 4.03 
0.12%GR+TiO2 12.195 696.490 40.02 3.40 
0.15%GR+TiO2 9.185 690.836 47.52 3.02 
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Fig 6-4: Current − voltage characteristics of DSSCs fabricated using different contents of 
graphene 
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6.4.5. Electrochemical impedance spectroscopy  
EIS analysis is performed to further explain the photovoltaic properties of DSSCs. Fig 6-
5 shows the Nyquist plot of DSSCs which were assembled with TiO2-N749 and 
graphene-TiO2-N749. Generally, a normal impedance spectrum of DSSCs is represented 
by three arcs (semicircles). The first semicircle represents the charge transport resistance 
at counter electrode/electrolyte (R1), second signifies  the charge transport resistance at 
the photoanode / electrolyte interface (R2), and the third indicates the diffusion process of 
redox couple in electrolyte (Zw) [23,26]. Only second arc comes out in the Nyquist plot 
in the Fig 6-5. It is probable that the other two arcs corresponding to R1 and Zw are 
overshadowed by larger semicircle reprinting R2 [27,28]. The R2 is related to the charge 
recombination rate, e.g., a high R2 value shows a lower charge recombination and vise 
versa. The R2 value for DSSC assembled with pure TiO2 is smaller than that of 
0.09%graphene-TiO2, proposing charge recombination is greatly reduced owing to the 
incorporation of graphene. However, the graphene concentration  greater than 0.09 wt.% 
will lead to the smaller values of R2 due to  a shorter electron lifetime of the order of few 
tens of mili seconds [29]. 
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Fig 6-5. EIS investigation of TiO2 and GR+TiO2 based DSSCs 
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6.5.Conclusion 
We established a fast and highly reproducible methodology to fabricate DSSCs by simple 
addition of graphene sheets into a l TiO2. The incorporation of graphene in TiO2 slowing 
the recombination of photogenerated electrons, extending the excitation wavelength and 
increasing the surface-adsorbed amount of dye. We established that the dispersion of 
small amounts of graphenes in TiO2 can significantly improve the photo conversion 
efficiency of DSSCs. Optimum concentration (0.09%) of graphene in photoanode does 
not aﬀect the transparency of TiO2 layer, while signiﬁcantly increases the PCE of DSSC, 
with a maximum value of 4.12%. Thus, we established a profligate, economical, and 
highly eﬀective technique to enhance the light conversion eﬃciency of DSSCs. 
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Abstract 
Complex organic compounds with benzene/thiophene as pi-segments are inspected as 
photosensitizers for applications in dye sensitized solar cells. To better understand the 
charge transport process involved in the dye sensitized solar cells, we used the results of 
Kohn–Sham density  functional  theory   and  time-dependent  density functional theory 
(DFT) studies  of  benzene/thiophene based sensitizers as well as the dye bound to a TiO2  
nano cluster. We investigated the electronic structures and UV-Vis spectra of the 
sensitizers alone and linked to the cluster. We also showed energy level diagrams, the 
major transitions of molecular orbitals and free energy calculation of the electron transfer 
from the sensitizer to the conduction band of the TiO2. The results show that LUMO of 
the dyes is greater than the conduction band of TiO2 indicating that a full charge transfer 
from dyes to the conduction band of TiO2 is thermodynamically allowed. The calculated 
results also indicate that D3 is the most plausible sensitizer due to the most negative 
ΔGinject (0.91 eV) and a larger LHE value (0.95), which results in a higher IPCE. 
Keywords: Density functional theory, benzene/thiophene, photosensitizers, free energy. 
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7.1.Introduction 
The widespread commercialization of the photo voltaic (PV) cells is still limited mainly 
because of their high prices as compared to the amount of energy produced from them. 
Recent scientific research conducted for power conversion-efficiency reaches up to 
24.2% [1], but is still non-competitive to the conventional electricity production sources. 
This relatively high cost is mainly due to the complex and expensive production process. 
Moreover, the need of highly purified silicon and use of toxic chemicals in their 
manufacturing, limits its use. These constraints encourage the scientists and researchers 
to divert their attention towards more efficient, economical and environment friendly 
solar cells. In this regard dye-sensitized solar cells (DSSCs) have received widespread 
attention in recent years because of their easy processing and low cost [2–5].  
The major component of the DSSCs is a sensitizer. Its function is to adsorb an incoming 
sunlight and produce excitons. It is chemically bonded to the porous surface of the 
semiconductor. An efficient photosensitizer should: (i) possess intense absorption in the 
visible region (400 nm to 700 nm); (ii) adsorb strongly on the surface of the 
semiconductor; (iii) possess a high extinction coefficient; (iv) stable in its oxidized form, 
thus allows its reduction by an electrolyte; (v) stable enough to carry out ~108 turnovers, 
which typically correspond to 20 years of cell operation [6]. Photosensitizers are 
categorized into the metal complex and metal-free organic sensitizers. But metal free 
organic photosensitizers are preferred over ruthenium based sensitizers because of their 
low cost and good transport properties. The basic structural unit of metal-free dyes are 
donor-pi-spacer-acceptor (D-π-A). The photovoltaic properties of such dyes can be ﬁnely 
tuned by selecting suitable groups within the D-π-A structure [7] . This D-π-A dipolar 
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configuration creates an effective intramolecular charge transfer from donor to acceptor 
during electonexcitation. Instead of this charge transfer from donor to acceptor, the  
performance of DSSCs significantly depends on the conjugated bridging system [8]. 
Organic dyes based on thiophene, oligothiophene moiety [9], 3,4-ethylenedioxythiophene 
(EDOT) [10], thieno (3,2-b) thiophene (TT) [11] and dithieno (3,2-b:2`,3`-d) thiophene 
(DTT) [12] have been reported as efﬁcient pi-bridging moities, exhibits high values of the 
solar conversion efﬁciency. Thiophene, has been appeared as an attractive pi-bridging 
segment for the development of PV materials due to its rigid conjugation structure and 
facile introduction of alkyl chains. Thiophene based photosensitizers are expected to 
improve the overall efficiency of DSSCs [13,14]. 
In this research work, DFT is used to calculate the structural and optical properties of 
three dyes. Eventually, we compared the theoretical results with the experimental data 
available [14]. Kohn–Sham DFT/TD-DFT is an effective tool to investigate the ground 
and excited state properties of photosensitizer complexes compared to other high level 
quantum approaches, since the computed orbitals are appropriate for typical molecular 
orbital-theoretical studies and elucidations. Many theoreticians have successfully applied 
this approach [15–20]. 
7.2.Theoretical Background 
  
7.2.1. The Kohn–Sham molecular orbital (MO) model 
The fundamental assumption in Kohn–Sham density functional theory (KS-DFT) is that 
we can use a single electron calculation to “n” interacting electrons. It can be done by 
applying appropriate local potential VXC (r), external potentials Vext(r) and the Coulomb 
potential of the electron cloud VC(r), then using Eq. (1) 
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(−
1
2
∇2 + Vext(r) + VC(r) + VXC(r)) φi(r) = εiϕi(r)                     (1) 
                
The potential VXC is the functional derivative with respect to the density (ρ) of the 
exchange–and–correlation energy functional EXC [ρ]. The one-electron molecular orbitals 
(MOs) 𝜙𝑖 with corresponding orbital energies 𝜀𝑖 deﬁne the exact electronic charge 
density and give access to all properties. The (ﬁrst) derivatives of the energy with respect 
to nuclear displacements at the end of the self consistent field (SCF) method are used to 
find stationary points in the energy surface, particularly for the geometry optimization of 
molecules [21]. 
According to Runge-Gross theorem [22] , the external potential individually finds out the 
density for a given interaction potential. While according to Kohn-Sham assumption the 
density of the non-interacting system is equal to the density of an interacting system. The 
benefit of this assumption is that, the wave function of a non-interacting system can be 
represented as a Slater determinant of single-particle orbitals, each of which are 
determined by a single partial differential equation in three variable. Then, the time-
dependent (TD) Kohn–Sham equations are: 
𝑖
∂
∂t
φi(r, t) = (−
∇2
2
+ V[ρ](r, t)) φi(r, t)                         (2) 
 
𝜌(𝑟, 𝑡) = Σ𝑛𝑗|𝜑𝑖(𝑟, 𝑡)|
2                                                         (3) 
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The potential (V) includes the VC(r), the nuclear potential ,Vext(r) and (XC), all are 
functions of  time KS-TDDFT technique with solvent effect is used to calculate the 
excitation energies (Eex) in DFT.       
7.2.2. Computational Detail 
In this work, all the DFT/TD-DFT calculations were executed using Amsterdam Density 
Functional (ADF) program (2013.01). The ground state geometries of dyes and 
dye/(TiO2)8 were optimized by applying a hybrid B3LYP level together with triple-ζ 
polarization basis function. (TiO2)8 nanoparticles anatase cluster was also simulated by 
considering a generalized gradient approximation (GAD) at BYLP level and triple-ζ 
polarization basis function. UV-Vis spectra of these dyes were simulated in 
chloromethane solvent. Here the conductor-like screening model (COSMO) was selected 
to consider the effect of solvent.  While the Eex were examined using the TD-DFT and 
statistical average of orbital potentials (SAOP) model including the salvation effects. 
Eighty singlet-singlet transitions were selected to deﬁne the whole absorption spectrum. 
In all the calculations, the relativistic eﬀects were also considered by the zero order 
regular approximation (ZORA) Hamiltonian in its scalar approximation. 
We employed GGA-BLYP, GGA-PW91, GGA-PB-86-D and hybrid-B1LYP with triple-
ζ (zeta) polarization basis function to optimize the dye structures. But the calculated 
results with hybrid-B1LYP (along with triple-ζ) are good agreement with the 
experimental data [14]. 
 
 
140 
 
7.2.3. Parameter estimation equations 
The performance of DSSCs is evaluated by an incident photon to conversion efficiency 
(IPCE). It is associated with charge collection efficiency (ηc), electron injection 
efficiency (ɸinjc) and light harvesting efficiency (LHE) as [15],  
                                          IPCE = LHE × ɸinjc × ηc                          (5)           
LHE can be calculated in the following way [23] 
                                                    LHE = 1 − 10𝑓                                       (6) 
Where “ƒ” is the absorption of dye associated with maximum absorption also called 
oscillator strength and ɸinjc is related to the free energy of electron injection as [15] 
                                             ɸinj α ƒ(-ΔGinject)                                  (7)              
 Eq-3 shows that the more negative ΔGinject the greater will be electron injection 
efficiency. While ΔGinject is the difference between the excited state oxidation potential e 
(Eox
dye
*) and the ground state reduction potential of the semiconductor conduction band 
(ECB) [19], 
                                             ΔGinject = Eox
dye
* -  ECB                       (8)   
TiO2 cluster was also simulated and its ECB was found to be -4.01 eV. Similarly, Eox
dye*
 
can be calculated by using the following equation [19], 
                                              Eox
dye*  
=  Eox
dye
 – ΔE                        (9)              
Where Eox
dye
 (-HOMO) [17] is the dye’s ground state oxidation potential and ΔE is the 
lowest absorption energy associated with λmax. 
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7.3.Results and discussion 
 
7.3.1. Designed systems 
The structures and names of a new class of dyes are shown in Fig 7-1. In these structures, 
a 3,6-diiodocarbazole unit was used as the electron-donating moiety and carboxyl and 
cyano functional groups were inserted as the acceptor moiety and the anchor group owing 
to heir good electron-extracting capability and strong adhesion to metal oxide . 
benzene/thiophene or oligothiophene moiety was used as the π-conjugation spacers, 
which bridges the donor-acceptor systems. Benzene/thiophene as pi-bridge reduces the 
tendency to aggregate, but resistance to charge transfer between donor and acceptor 
increases. However,  the insertion of thiophene moiety as a pi-bridge causes the red shift 
in absorption spectra. A double bond was also introduced to the pi-conjugation system to 
fine tune the planar molecular configuration and to broaden the absorption spectra.  
7.3.2. Energy Levels 
The HOMOs, LUMOs, and the band gap energies of the photosensitizers play an 
important role in providing the thermodynamic driving force for the electron injection. 
For efficient charge transfer, the LUMOs of dyes must be more negative than the 
conduction band of the semiconductor while HOMO levels must be more positive than 
the redox potential of electrolyte. The electron distribution of the HOMOs and LUMOs 
of D1, D2 and D3 are shown in Fig 7-2. Clearly, the HOMOs of these compounds are the 
highest electron density located at the nitrogen atoms of the carbazole. The LUMOs are 
located in the anchoring group through the pi-bridge.Thus, the HOMO-LUMO excitation 
induced by light irradiation could move the electron distribution from the carbazole 
segment to the anchoring unit through the pi-bridge segment. Table 7-1 shows that the  
142 
 
 
 
 
 
                                 
                          
 
                      
 
Fig 7-1:Chemical structures of organic dyes  
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HOMO levels of the dyes are in the order of D3 (-5.72) >D1 (-5.74) 1>D3(-5.81). While,  
LUMO energy levels are in the order of D1 (-2.97) > D2 (-3.07) > D3 (-3.18). The 
insertion of thiophene unit as the π-conjugation unit signiﬁcantly affects the HOMO and 
LUMO energy levels of the dyes. Similarly, the H-Lgap of the dyes are in the order of D3 
(2.54) < D2 (2.74) <D1 (2.77). These results suggest that dyes 1-3 can inject electrons to 
the conduction band of titanium oxide.      
 
 
 
Fig 7-2 :Simulated HOMOs and LUMOs of dyes 
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Table 7-1: Simulated HOMOs (eV), LUMOs (eV) and H-L gap (eV) energies of dyes 
 
Dyes HOMO LUMO H-Lgap 
D1 -5.74               -2.97                  2.77 
D2 -5.81               -3.07                  2.74 
D3 -5.72               -3.18                  2.54      
 
7.3.3. UV-Vis absorption spectra of dyes 
An efficient photosensitizer should show a strong absorption in the visible region (400 
nm to 700 nm). TDDFT calculations have been performed on D1, D2 and D3 to find out 
the optical properties. These calculated results of dyes (D, D2 and D3) are in good 
agreement with the experimental data [14], which shows that SAOP function with the 
COSMO model is accurate in finding the absorption spectra of dyes. The simulated 
spectra of systems 1-3 are shown in Fig 7-3. All the absorption spectra of dyes can be 
clearly divided into two sections, with the first peak occurring in the 300-400 nm region 
and second in the 400-700 nm region. The band in the UV- region is probably emerging 
from the transitions of electrons localized within the carbazole unit. The absorption 
occurring in the visible region is due to transfer of electrons from donor to acceptor, 
which is sensitive to the nature of the conjugation pathway and red-shifts onprogressive 
addition of thiophene units. The dye D2  with terthiophene as pi-bridge exhibits a 
signiﬁcant red-shift as compared to D1 and D3. Also, the shorter peak position of the 
charge transfer transition for D1 (340 nm) is observed when compared with D2 (375 nm)  
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Table 7-2 :Optical, redox and energy level of photosensitizers 
 
Dye 
aλmax 
bλmax (Sim) ΔE (eV) Eox
dye
 (eV) Eox
dye* 
(eV) 
c 
f 
D1 416 470 2.64 5.74                   3.1 1.124 
D2 440 477 2.60 5.81                   3.2 0.73 
D3 467 472 2.63 5.72                  3.09 1.20 
 
a: Experimenta Values [14] 
b: Simulated Values 
c: Oscillator strength 
 
Table 7-3: Free energy of electron injection ΔGinject (eV) and Light harvesting efficiency 
LHE 
System ΔGinject  (eV) * LHE Major Transitions 
D1 -0.90                     0.93                    H-2            L (96%) 
D2 -0.80                     0.81                    H-4             L (83%) 
D3 -0.91                    0.95                      H             L (98%) 
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Fig 7-3: Simulated absorption spectra of systems 1-3 
 
 
Fig 7-4: Major Transitions of system 1-3 
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and D3 (380), probably due to the deﬁciency of electrons in benzene relative to the 
thiophene unit. 
Ground and excited state potential (Eox
dye
), the maximum absorption (λmax), oscillation 
strength (ƒ), and the main transitions are presented in the Table 7-2. The main molecular 
orbitals (MOs) involved in the dominant electron transitions of systems 1-3 are shown in 
Fig 7-4. The major transitions may be attributed to the transfer of charge from the 
carbazole group to -COOH and -CN through the benzene/thiophene unit. 
7.3.4. Free energy of electron injection and light harvesting efficiency 
LHE and ΔGinject can be calculated using equation 6 and Equation 8, respectively, and the 
results are shown in the Table 7-3. All the calculated ΔGinject values are negative, which 
indicates that the conduction band edge of TiO2 lies, below the excited state of dyes, thus 
favoring electron injection. The ΔGinject of the systems 1-3 increases in the order of D3 (-
0.91) < D1 (-0.90) < D2 (-0.80) . Therefore, the order of the driving force of systems is 
D3 > D1 > D2. There is only a slight difference of the LHE for systems 1-3 indicating 
that all the photosensitizers will give comparable photocurrents. These results indicate 
that system-3 is the most plausible due to the most negative ΔGinject (0.91 eV) and a larger 
LHE value (0.95), which results in a higher IPCE. 
Table 7-4: ΔE (eV), λmax (nm) , (f) major transitions dyes anchored to TiO2 
Dyes     λmax ΔE f                      Major Transitions 
D1/TiO2 493 2.520 0.75                  H-3              L+2 (92.8) 
D2/TiO2 510 2.434           0.80                      H    L+1 (95%) 
D3/TiO2 497 2.490           0.86                        L  H   (96.2) 
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7.3.5. UV-Vis absorption spectra of dyes on the TiO2 surface 
The interface between the sensitizer and TiO2 plays an important role in the electron 
injection efficiency. Though (TiO2)n clusters (n = 4, 6, 8) were simulated, (TiO2)8 
containing model was selected because of its balanced electronic properties (conduction 
band ~ -4.0 eV and band gap 3.18 eV). The models of dyes linked to (TiO2)8 are shown 
in Fig 7-5, while the simulated UV-Vis spectra of dyes/(TiO2)8 are shown in Fig 7-6. The 
spectra show a dramatic red-shift when compared to those in solution, with the red shift 
values of D1/(TiO2)8, D2/(TiO2)8 and D3/(TiO2)8 are 23, 33 and 25 nm, respectively.  
This may be due to the increased delocalization of the π* orbital over the conjugated 
framework due to the interaction between the carboxylate group and Ti
+4 
ions, which 
decreases the energy of the π * level. The band in the UV- region is probably emerging 
from the transitions of electrons. The major transitions in D1/TiO2, D1/TiO2 and D1/TiO2 
are shown in Fig 7-7. It can also be observed that dye D2/TiO2 shows a higher red shift 
value when compared to other systems. The calculated excitation energies, oscillation 
strength and λmax(nm) are shown in Table 7-4.  
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Fig 7-5. The model the of system 1-3 with (TiO2)8 
 
 
Fig 7-6 :The simulated absorption spectra of (TiO2)8/dyes 1-3 
 
D1/(TiO2)8 
D2/(TiO2)8 
D3/(TiO2)8 
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Fig 7-4: Major Transitions of D1/TiO2, D2/TiO2 and D3/TiO2 
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7.4.Conclusion 
DFT/TD-DFT modeling techniques has been used to conduct the computational study of 
the geometry and electronic structure of benzene/thiophene based photosensitizers. The 
calculated results of dyes (D, D2 and D3) are comparable with the experimental data, 
which shows that hybrid-B1LYP with triple-ζ (zeta) and SAOP are the right choices in 
calculating the electronic structure properties and optical properties of dyes respectively. 
The results also show that LUMO of the dyes is greater than the conduction band of TiO2 
indicating that a full charge transfer from these dyes to the conduction band of TiO2 is 
thermodynamically allowed. It was also found that the absorption spectra of dyes/TiO2 
are red shifted owing to the increased delocalization of the π* orbital of the conjugated 
framework.Moreover, the calculated results indicate that D3 is the most plausible due to 
the most negative ΔGinject (0.91 eV) and a larger LHE value (0.95), which results in a 
higher IPCE. Therefore, it can be concluded from the above study that DFT/TD-DFT is 
an effective tool to design and computing the optical properties of  photosensitizers for 
solar cell applications 
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Abstract 
Density functional theory and time dependent density functional theory DFT/TD-DFT 
modeling techniques are used to conduct a computational study of the geometry and 
electronic structure of novel oxadiazole based organic sensitizers. A DFT study on the 
thermodynamic aspects of the charge transport processes associated with dye-sensitized 
solar cells (DSSCs) suggests that the system with 1,2,4-oxadiazole has a balance among 
the different crucial factors and may result in the highest incident photon to charge carrier 
efficiency. The dye/(TiO2)8 anatase clusters were also simulated to illustrate the electron 
injection efficiency at the interface. This study provides  basic understanding of the 
impact of molecular design on the performance of oxadiazole dyes in DSSCs. 
Keywords: Density functional theory, oxadiazole, light harvesting efficiency, free energy 
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8.1.Introduction 
The world energy demand is continuously increasing and the world power consumption, 
which is 13 terawatts (TW) currently, is expected to reach about 23 TW by 2050 [1]. 
Fossil fuels, which are depleting rapidly, meet 80% of the energy requirement of the 
whole world [2]. Moreover, the burning of fossil fuels raises the amount of carbon 
dioxide in the atmosphere. Owing to the growing energy demand, exhaustion of oil 
resources, and global warming issues, there is a need for clean and renewable energy 
technologies. Among all the renewable energy forms, solar energy has showed its 
advantages and potential for power generation.[3]The solar radiation from the sun is 
approximately 3×10
24
 J per year, which is ten times the current energy demand [4]. 
Therefore, owing to the availability of huge reserves, the conversion of photo energy into 
electrical energy is generally considered potentially the best way to resolve the world 
energy crisis. 
Inorganic silicon based solar cells are being currently used for the conversion of photo 
energy on a commercial scale because of their high efficiency [5]. However, the need of 
highly purified silicon, use of toxic chemicals in their manufacture, and the high cost has 
restricted their worldwide use. These constraints encouraged the search for low cost and 
environmentally friendly solar cells. In this context, dye-sensitized solar cells (DSSCs) 
have received widespread attention in recent years because of their ease of processing 
and the low cost [6–11] 
One of the most important components of the DSSCs is the dye, which absorbs incoming 
sunlight and produce excitons. The photosensitizer, which is chemically bonded to the 
porous surface of the semiconductor, can be a metal complex or a metal-free organic 
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sensitizer. But metal free organic photosensitizers are preferred over ruthenium based 
sensitizers because of their low cost and good transport properties. The basic structural 
unit of metal-free dyes is the donor-pi-spacer-acceptor (D-π-A) unit and the photovoltaic 
properties of such dyes can be ﬁne tuned by selecting suitable groups within the D-π -A 
structure [12]. 
Many organic groups have been used to tune the electrical and optical properties of light 
sensitive materials. The best known organic compounds for obtaining such properties are 
porphyrins [13], styrylarylenes [14], perylenes [15], benzofurans [16], indoles [17], 
thiazole [18,19] and oxadiazole [20]. Among them, the oxadiazole derivatives are 
considered the most efficient electron transport materials owing to their good thermal and 
chemical stabilities and high quantum yield [21]. Many studies have shown that 2-(4-
biphenylyl)-5-(4-tertbutylphenyl)-(1, 3, 4) oxadiazole exhibits excellent charge transport 
properties [20,22–25]. Tian and co-workers successfully synthesized the naphthalimide 
derivatives containing the oxadiazole moiety. They found that oxadiazole moiety 
increases the electron injection properties and minimizes the carrier recombination [22]. 
The density functional theory (DFT) and time-dependent DFT (TD-DFT) can provide a 
deeper understanding of the relationship between molecular structure and properties of 
compounds. Thus, theoretical calculations are important to design new and efficient dyes 
for DSSCs [26–33]. 
Here, the aim is to study the photophysical properties of oxadiazole based organic dyes 
and establish their structure-performance relationship for application in DSSCs. A series 
of D-π-A oxadiazole based organic dyes that possess different electron-rich fragments or 
electron-excessive  π -bridges were designed. Their electronic properties, absorption 
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spectra and performances in DSSCs were theoretically studied. This work is expected to 
provide guidance for experimental synthesis. 
8.2.Computational Detail 
All the DFT/TD-DFT calculations were executed using Amsterdam Density Functional 
(ADF) program (2013.01). 
8.2.1. TiO2 cluster Model 
BAND mode was used to simulate the anatase TiO2 cluster. Here, we selected tetragonal 
anatase crystal structure with single layer (001) surface slab. Then, a 4×1 supercell was 
created from this slab. All atoms were maped within the unit cell. 
8.2.2. Simulation Method 
The ground state geometries of oxadiazole dyes, dye/(TiO2)8 and standard dyes were 
optimized by applying hybrid Becke,3-parameter, Lee-Yang-Parr (B3LYP) level together 
with triple-ζ polarization basis function. The (TiO2)8 nano-particle cluster was also 
simulated by considering generalized gradient approximation (GGA) at Becke, 
parameter,Lee-Yang-Parr (BYLP) level with triple-ζ polarization basis function. UV-Vis 
spectra of oxadiazole dyes were simulated in ethanol solvent, where the conductor-like 
screening model (COSMO) was used to take the solvent effects into account[28].  The 
excitation energies and oscillator strengths for the 80 singlet–singlet transitions at the 
optimized geometry in the ground state were obtained by TD-DFT calculations using the 
same basis set as for the ground state and statistical average of orbital potentials (SAOP) 
model including the solvation effects. In all the calculations, the relativistic eﬀects were 
taken into account by the zero order regular approximation (ZORA) Hamiltonian in its 
scalar approximation. 
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8.3.Theoretical background  
The performance of DSSCs is evaluated by incident photon to conversion efficiency 
(IPCE). It is associated with charge collection efficiency (ηc), electron injection 
efficiency (ɸinjc) and light harvesting efficiency (LHE), as [27], 
IPCE = LHE × ɸinjc × ηc                                                     (1) 
LHE can be calculated as follows [28], 
𝐿𝐻𝐸 =  1 − 10−𝑓                                                            (2) 
where “ƒ” is the absorption of dye associated with the maximum absorption, also called 
the oscillator strength and ɸinjc is related to the free energy of electron injection by [27], 
ɸinjc α ƒ(-ΔG
inject
)                                                             (3) 
 Eq-3 shows that more negative the ΔGinject, the greater the electron injection efficiency. 
While ΔGinject is the difference between oxidation potential energy of the excited state 
(Eox
dye*
) and the reduction potential energy of TiO2 conduction band (ECB), which can 
be described as [32] 
ΔGinject = Eoxdye* - ECB                                                  (4) 
TiO2 cluster was also simulated and its ECB was found to be -4.01 eV. Similarly, 
Eox
dye*
 can be calculated using the following equation [29] , 
Eox
dye
*  =  Eox
dye
 – ΔE                                                       (5) 
where Eox
dye
 (-HOMO) [30] is the ground state oxidation potential of the dye and ΔE 
is the lowest absorption energy associated with λmax. 
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8.4.Results and discussion 
 
8.4.1. Designed system 
The structures and names of new class of dyes are shown in Fig 8-1. In these structures, a 
naphthalene unit was used as the electron-donating moiety and carboxyl and cyano 
groups (-COOH and -CN) were introduced as the electron acceptor and the anchor group 
because of their high electron-withdrawing ability and strong bonding to the 
semiconductor. Oxadiazole isomers were used as the π-conjugation system, which 
bridges the donor-acceptor systems. A double bond and a thiophene unit were also 
introduced to the pi-conjugation system to fine tune the planar molecular configuration 
and to broaden the absorption spectra. The performance of the dyes was tested with 
different isomers of oxadizoles as the π-conjugated bridge. 
8.4.2. Energy levels 
The HOMOs, LUMOs, and the band gap energies of the photosensitizers play an 
important role in providing the thermodynamic driving force for the electron injection. 
For efficient charge transfer, the LUMOs of dyes must be more negative than the 
conduction band of the semiconductor while HOMO levels must be more positive than 
the redox potential of electrolyte. Table 7-1(b) shows the HOMOs, LUMOs, and HOMO-
LUMO energy gaps of oxadiazole photosensitizers. The HOMO levels of the systems are 
in the order of system-4 (-5.827) < system-3 (-5.808) < system-1 (-5.657) < system-2 (-
5.582). The LUMO energy levels are in the order of system-1 (-3.956) < system-4 (-
3.802) < system-3 (-3.767) < system-2 (-3.625). The insertion of oxadiazole isomers as 
the π-conjugation unit signiﬁcantly affects the HOMO and LUMO energy levels. 
Similarly, the H-Lgap of systems are in the order of system-1 (1.701) < system-2 (1.957) <  
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(E)-2-Cyano-3-(5-(5-(naphthalen-2-yl)- 1,3,4-oxadiazol-2-yl)-cyanoacrylic acid 
 
 
(E)-2-Cyano-3-(5-(5-(naphthalen-2-yl)- 1,2,3-oxadiazol-4-yl)-cyanoacrylic acid 
 
E)-2-Cyano-3-(5-(5-(naphthalen-2-yl)- 1,2,4-oxadiazol-3-yl)-cyanoacrylic acid 
 
E)-2-Cyano-3-(5-(5-(naphthalen-2-yl)- 1,2,5-oxadiazol-3-yl)-cyanoacrylic acid 
Fig 8-1: Chemical structures of organic dyes 
System-1 
System-2 
System-3 
System-4 
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system-4 (2.025) < system-3 (2.041). These results suggest that systems 1-4 should be 
capable of injecting electrons into the conduction bands of TiO2. 
 
Table 8-1b: The FMO (eV) and H-L gap (eV) energies of systems 1-4 
 
Dyes             LUMO          HOMO         H-LGAP 
   1                  -3.956           -5.657              1.701 
   2                  -3.625           -5.582              1.957 
   3                  -3.767           -5.808              2.041 
   4                  -3.802           -5.827              2.025      
  
8.4.3. Absorption spectra of dyes 
The simulated absorption spectra of systems 1-4 are shown in Fig 8-2. All the absorption 
spectra of dyes can be clearly divided into two regions, with the first major peak 
occurring in the 300-450 nm region and second in the 450-700 nm region. Ground and 
excited state potential (Eox
dye), maximum absorption (λmax), oscillation strength (ƒ), and 
the main transitions are presented in Table 8-2. The main molecular orbitals (MOs) 
involved in the dominant electron transitions of systems 1-4 are shown in Fig 8-3. The 
major transitions may be attributed to the transfer of charge from the naphthalene group 
to -COOH and -CN through the thiophene unit and the π-conjugation system. 
Table 8-2: Optical, redox and energy levels for oxadizol based photosensitizers 
 
Dyes Eox
dye
 Eox
dye*
 ΔE λmax f Main Transition 
1 5.657 3.296 2.361 525 0.764 H-1             L (82.4%) 
2 5.583 3.133 2.450 507 0.722 H-1             L (69%) 
3 5.808 3.118 2.620 473 0.865 H-1             L (57%) 
4 5.827 3.258 2.569 483 0.780 H-1              L (68%) 
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Fig 8-2: Simulated absorption spectra of systems 1-4 
 
Table 8-3: Lowest absorption energy ΔE (eV), maximum absorption λmax (nm) and 
oscillating strength (f)  
System λmax ΔE f 
1 542 2.290 0.52 
2 520 2.387 0.48 
3 492 2.523 0.58 
4 495 2.507 0.50 
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Fig 8-3. Major Transition of system 1-4 
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8.4.4. UV-Vis absorption spectra of dyes on the TiO2 surface 
The interface between the sensitizer and TiO2 plays an important role in the electron 
injection efficiency. Though (TiO2)n clusters (n = 4, 6, 8) were simulated, (TiO2)8 
containing model was selected because of its balanced electronic properties (conduction 
band ~ -4.0 eV and band gap 3.18 eV). The models of dyes linked to (TiO2)8 are shown 
in Fig. 4, while the simulated UV-Vis spectra of dyes/(TiO2)8 are shown in Fig 8-5. The 
spectra show a red-shift when compared to those in solution, with the red shift values of 
system 1, system 2, system 3, and system 4 are 17, 13, 19, and 12 nm, respectively.  This 
is due to the fact that the carboxylate group anchored to TiO2 in which Ti 
4+ 
acts as a 
proton. The interaction between the carboxylate group and the Ti
4+ 
ions may lead to the 
increased delocalization of the π* orbital. The energy of the π* level is decreased by this 
delocalization, which explains the red shift of the absorption spectra. It can also be 
observed that dye (3)/TiO2 shows a higher red shift value when compared to other 
systems. The calculated excitation energies, oscillation strength, λmax(nm) and the 
dominant transitions are shown in Table 8-3.  
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Fig 8-4: The models of system 1-4 with (TiO2)8 
 
 
 
 
Fig 8-5:Simulated absorption spectra of (TiO2)8/systems 1-4 
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8.4.5. Free energy of electron injection and light harvesting efficiency 
LHE and ΔGinject can be calculated using Equation 2 and Equation 4, respectively, and the 
results are shown in Table 8-4. All the calculated ΔGinject values are negative, which 
indicates that the conduction band edge of TiO2 lies, blow the excited state of the dyes 
[28]  , thus favoring electron injection . The ΔGinject of the systems 1-4 increases in the 
order of system-3 (-0.882) < system-2 (-0.867) < system-4 (-0.742) < system-1 (-0.704) . 
Therefore, the order of the driving force of the systems is system-3 > system-2 > system-
4 > system-1. There is only a slight difference of the LHE for systems 1-4, indicating that 
all the photosensitizers will give comparable photocurrents. These results indicate that 
system-3 is the most plausible due to the most negative ΔGinject (0.882 eV) and a larger 
LHE value (0.86), which results in a higher IPCE. 
 
 
Table 8-4: Free energy of electron injection ΔGinject (eV) and light harvesting efficiency 
LHE 
System ΔGinject LHE 
1 -0.704 82 
2 -0.867 80 
3 -0.882 86 
4 -0.742 83 
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8.5.Conclusion 
Four photosensitizers with oxadiazole isomers as the pi-conjugated spacer were designed 
and simulated using DFT/TD-DFT. The UV-Vis spectra as well as the driving force 
(ΔGinject) of the systems 1-4 show that these dyes are potentially good photosensitizers. 
The results show that LUMO of the dyes is greater than the conduction band of TiO2 
indicating that a full charge transfer from these dyes into the conduction band of TiO2 is 
thermodynamically allowed. It was also found that the absorption spectra of system-1 to 
system-4 are red shifted owing to the increased delocalization of the π* orbital of the 
conjugated framework . Moreover, there is no significant difference between the LHE of 
systems 1-4. Therefore, it can be concluded that system-3 with 1,2,4-oxadiazol shows a 
balance among the different crucial parameters and is expected to be a promising 
sensitizer in the DSSC field.  
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CHAPTER 9 
CONCLUSINS & RECOMMENDATIONS 
9.1. Conclusion 
Narrow absorption spectra and/or low  absorption intensity of the sensitizers and the 
recombination of injected electrons with the electrolyte are the two major causes of the 
low conversion efficiency of DSSCs. In this work, the co-sensitization strategy was 
applied to obtain the broader and a more intense absorption band. While hybrid 
composites of MWCNTs and graphene micro-platelets with TiO2 were used to reduce the 
dark current. 
The mixed solution of N719 and N3 in methanol was used for the co-sensitization of the 
photoanodes of DSSCs. More intense and broader absorption spectrum of the co-
sensitized TiO2 film was observed than the absorption spectra of the individual N719 and 
N3 dyes. This is because the CNTs may exhibit photosensitizing properties, thus 
extending photovoltaic properties into the visible spectrum. The results indicate that the 
power conversion efficiency of DSSC based on 0.4N719+0.1N3 is 17% and 11% higher 
than based on the individual dyes N719 and N3 respectively. Moreover, the cell 
efﬁciency of the DSSC with a molar ratio of N3/N719 = 0.1/0.4 was further improved to 
4.46% by the incorporation of MWCNTs in TiO2. Optimum concentration (0.04%) of 
CNTs in photoanode does not aﬀect the transparency of TiO2 layer, while signiﬁcantly 
increases the PCE of DSSC.  
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It has been observed that the enhancement of PCE due to CNTs is limited by poor contact 
between CNTs and TiO2. Two dimensional Graphene nano carbon material was also 
introduced to prepare the hybrid film. The incorporation of graphene in TiO2 slowing the 
recombination of photogenerated electrons, extending the excitation wavelength and 
increasing the surface-adsorbed amount of dye. It was examined that the dispersion of 
small amount of graphene in TiO2 can significantly improve the photo conversion 
efficiency of DSSCs. Optimum concentration (0.09%) of graphene in photoanode does 
not aﬀect the transparency of TiO2 layer, while signiﬁcantly increases the PCE of DSSC, 
with a maximum value of 4.12%. 
DFT and time dependent TD-DFT  were also employed to investigate the thermodynamic 
aspects of charge transport processes involved in DSSCs. Hybrid functions with triple-ζ 
polarization basis function were employed to simulate the geomatries of sensitizers. 
While, UV-Vis spectra of sensitizers and dye anchored to TiO2 were simulated in 
different solvents. The conductor-like screening model (COSMO) was selected to take 
the solvent effects into account. The excitation energies were examined using TD-DFT 
and statistical average of orbital potentials (SAOP) model including the salvation effects. 
The simulated results were in good agreement with the experimental values. Thus, hybrid 
functions with triple-ζ polarization basis function and COSMO solvation model with 
SOAP function were appropriate for comuting the HOMOs, LUMOs, band gap, free 
energy of electron injection, absorption specta and LHE of photosensitizers. 
The output of our research work is ten publications, four of them have been accepted and 
six are under review. We also have also filed two patents. The detail of manuscripts and 
patents are 
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9.2. Recommendations 
Low efficiency and low stability are the major challenges for the commercial growth of 
DSSCs. The following factors are responsible for the low efficiency and stability of 
DSSCs, 
1) Non-optimized dark current  
2) Poor performance of dyes in the NIR region 
3) Poor contact between the electrodes 
4) High volatility and high viscosity of electrolytes  
5) Degradation of electrolyte properties due to UV absorption of light 
Following steps can be recommended in order to further enhance the efficiency and 
stability of DSSCs, 
1) Improvement in the morphology of semiconductors to reduce dark current 
2) Improvement in the dye design to absorb light NIR region 
3) Develop low volatile and less viscous electrolyte to improve the charge transfer 
rate. 
4) Improvement in mechanical contact or adhesion between the two electrodes 
5) Use of additives for dyes and electrolytes that enhance their properties. 
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